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ABSTRA CT
In many dicotyledons, the nutrient reserves are stored in the cotyledons. 
Phaseolin, 7S globulin, is the major seed protein from common bean Phaseolus vulgaris. 
In vitro transcription assays and gene transfer studies indicate that phaseolin gene 
expression is regulated primarily at the transcriptional level. In this dissertation, I studied 
cis- and trans-acting factors that may play a role in the transcriptional regulation of the 
fi-phaseolin gene. Gel mobility shift and exonuclease III protection assays identified four
distinct DNA binding proteins, CAN, AG-1, CA-1, and TATA-box binding protein. 
Three CANNTG motifs, CACGTG (-248/-243), CACCTG (-163/-158), and CATATG 
(-100/-95), were found to be preferred target sequences of CAN. The civ-activities of 
CAN and AG-1 binding sites were studied systematically by substitution mutations. The 
results indicate that the CACGTG (G-box) motif is a major positive cA-element and acts 
synergistically with the CACCTG motif. The results also show that AG-1 binding sites 
function as major positive (-191/-182) and negative (-376/-367, -356/-347) cis-elements. 
These results led me to hypothesize that CAN and AG-1 play a major role in the
transcriptional regulation of the /?-phaseolin  gene. As a first step to understand the
molecular nature of CAN, a bean seed cDNA library was constructed and screened for 
proteins capable of binding to oligonucleotides containing the phaseolin G-box. Three 
positive clones were identified and further studied. DNA sequencing analyses indicate 
that the three cDNAs encode two homologous proteins that belong to the basic 
region/helix-loop-helix (bHLH) protein family. Gel mobility shift assays with the 
proteins, PG1 and PG2, expressed in E. coli indicate that the two bHLH proteins
preferentially bind to the G-box among the three phaseolin E-boxes. Northern blot 
analysis showed that PG1 is expressed constitutively in the plant and that PG2 is 
expressed primarily in the root. Based on these and other results, the transcriptional
regulation of the (3-phaseolin gene is discussed in relationship to the embryogenesis of 
common bean.
x
CHAPTER 1 
INTRODUCTION
The seed of angiosperms develops from the ovule as a consequence of double 
fertilization. During seed development the embryo differentiates into two organ systems, 
the axis and the cotyledon. The axis contains the root and shoot meristems that will give 
rise to the mature plant. By contrast, the cotyledon is a terminally differentiated organ 
system. Morphological changes that occur during embryogenesis in higher plants have 
been studied intensively (West and Harada, 1993). In legumes, embryogenesis can be 
divided into six general stages: (1) proembryo, (2) globular, (3) heart, (4) cotyledon, (5) 
maturation, (6) dormant (Walbot etal., 1972). The first histologically detectable tissue, 
the protoderm, establishes the globular stage embryo. During the transition from the 
globular to the heart stage, cell divisions parallel to the surface occur at specific regions of 
the lateral margins of the globular stage embryo, resulting in the emergence of the two 
lobes of the cotyledons. The cotyledonary lobes and axis continue to enlarge rapidly as a 
result of cell division and cell expansion. The cotyledon stage is a period of intense cell 
divisions and the cessation of cell division marks the end of the cotyledon stage. The 
embryo achieves its maximum size by cell expansion during the maturation stage. The 
maturation stage is also characterized by rapid accumulation of food reserves. Finally, 
late in maturation the seed reduces its water content and embryonic dormancy begins 
(dormant stage).
The nutrient reserves in the seed are utilized by the germinating seedling until it 
becomes a photosynthetically active organism. In seeds of monocotyledons, the storage 
occurs mainly outside the embryo, in the endosperm. In many dicotyledons, however,
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the endosperm is transient and is absorbed more or less completely by the developing 
embryo. The food is then stored in the cotyledons (Esau, 1977). In soybeans (Glycine 
max), more than 80 % of cells in a mature embryo are contained in the cotyledons 
(Goldberg et al., 1981). Likewise, the cotyledons account for more than 98 % of dry 
weight in a mature embryo of common bean (Phaseolus vulgaris )(Walbot et al., 1972).
The development of cotyledons has been studied largely in relationship to the 
biosynthesis and accumulation of storage proteins, lipids, and starch (West and Harada, 
1993). Intensive studies on these reserves reflect their importance in determining the 
nutritional value of seeds and the fact that the abundance of these macromolecules 
facilitates studies of their accumulation. In particular, storage proteins have been used as 
a model system to study seed-specific gene expression (Goldberg etal., 1989; Thomas, 
1993). Major storage proteins of legume seed fall into the globulin group, which is 
soluble in dilute salt but insoluble in water. Most characterized seed proteins are from pea 
(Pisum sativum), broad bean (Vicia faba), soybean (G. max), and common bean (P. 
vulgaris) (Casey etal., 1986). Globulin storage proteins are separated into classes by 
ciyoprecipitation, differential salt solubility or ultracentrifugation. Most storage globulins 
fall into two major groups with sedimentation coefficients of 11-12S and 7-8S. The 1 IS 
proteins are sometimes collectively referred to as legumins and the 7S proteins as vicilins 
(Shotwell and Larkins, 1989). Sequence comparisons of 7S proteins from bean 
(phaseolin), soybean (B-conglycinin), and pea (vicilin) show a remarkable degree of 
similarity (Casey et al., 1986). It is thus likely that these 7S proteins have evolved from a 
common ancestral gene.
Phaseolin, 7S globulin, is the major seed protein from common bean, comprising 
34 - 50 % of total protein in mature seed (Bliss and Brown, 1982). Phaseolins are
encoded by two distinct gene families corresponding to the a -  and B-type phaseolin
(Slightom etal., 1985). Analysis of genomic DNA from P. vulgaris cv. Tendergreen 
using DNA-DNA hybridization performed in solution or on nitrocellulose blots yielded 
estimates of 7.9 and 6.5 phaseolin genes per haploid genome, respectively (Talbot et al., 
1984). Furthermore, these genes appear to be closely linked, since phaseolin 
polypeptides are inherited as blocks of codominant alleles (Brown etal., 1981). The 
three -dimensional structure of phaseolin was determined at 3A resolution (Lawlence et 
al., 1990). The structure information has been used to facilitate protein engineering to 
enhance methionine content by a computer-assisted method (Dyer et al., 1993).
A study of phaseolin accumulation in developing seeds with antibodies raised 
against phaseolins showed no detectable phaseolin fraction in 6 mm seeds and only very 
small amounts in seeds less than 9 mm long (Sun etal., 1978). The major burst of 
phaseolin synthesis starts when the seed attains 12 mm in length. Based on these results 
it was hypothesized that the 7 to 9 mm stages represent a 2-day transition period over 
which genetic information for phaseolin becomes actively expressed (Sun et al., 1978). 
According to the developmental timetable o f Walbot et al. (1972), the 7 to 9 mm stages 
correspond to the late cotyledon stage (stage V) and the 12 mm stage corresponds to the 
transition from the cotyledon stage to the maturation stage (stage VI). Molecular events 
that occur in the cotyledon stage including the 7 to 9 mm 2-day transition period is not 
well understood. However, in vitro transcription assays using nuclei isolated from seeds
at various developmental stages show that transcription of globulin genes is activated and 
repressed during embryogenesis (Chappell and Chrispeels, 1986; Walling e ta l., 1986; 
Harada et al., 1989; Nielsen et al., 1989). Furthermore, these studies demonstrate that 
nuclei isolated from other organs of the plant are not capable of transcribing 7S globulin 
genes at detectable levels, except that very low levels of B-conglycinin transcripts were 
detected in leaf [32P]nRNA (Walling et al., 1986). Gene transfer studies have shown that 
the 5 ’ region of globulin genes contains sufficient information to confer similar 
developmental regulation upon a bacterial gene encoding for the enzyme B-glucuronidase 
(GUS) in transgenic plants (Bustos et al., 1989; Bustos et al., 1991a; Chamberland et al., 
1992; Lessard et al., 1993; Sen etal., 1993; Fujiwara and Beachy, 1994). Together, 
these results indicate that globulin gene expression is regulated primarily at the 
transcription level. The observation that globulin genes from legumes are expressed 
correctly in transgenic tobacco suggests that the endogenous transcription factors of the 
host can recognize cA-elements in the promoters of legume globulin genes. Sequence 
comparisons have shown potential c/s-acting motifs that are conserved among the 
promoters of globulin genes. The conserved sequences, termed RY element 
(CATGCATG) and vicilin box, are some of the elements that have been recognized 
(Dickinson etal., 1988). Initial studies on their possible functions in the transcriptional 
regulation of globulin genes have been reported (Chamberland et al., 1992; Lessard et al., 
1993; Fujiwara and Beachy, 1994).
In this dissertation, I characterized cis- and tram-acting factors that may play a 
role in the transcriptional regulation of the fi-phaseolin gene. The dissertation consists of 
three main parts. In the first part, I characterized bean seed nuclear factors that interact
with phaseolin promoter region. Gel mobility shift and exonuclease HI protection assays 
were used to determine binding specificity of four distinct DNA binding proteins. The 
second part focused on characterization of c/s-activities of some of the protein binding 
sites. A series of 5’ deletion and substitution mutants was constructed, and the effects of 
the mutations were analyzed by a transient gene expression assay in protoplasts isolated 
from bean seed (cotyledon stage). In the last part, I cloned two transcription factor genes 
from a bean seed cDNA expression library. The genes were isolated on the basis of 
binding activity of the proteins expressed in E. coli to a DNA probe containing a major 
positive c/s-element CACGTG (G-box). Initial characterizations of the gene function 
were carried out by analyzing DNA binding activities of the proteins expressed in E. coli 
and distribution of the transcripts in the plant. Finally, I will attempt to discuss the
transcriptional regulation of the (5-phaseolin gene in relationship to the embryogenesis of
common bean.
CHAPTER 2
FOUR DISTINCT DNA BINDING PROTEINS BIND TO THE BEAN 
SEED STORAGE PROTEIN p-PHASEOLIN PROMOTER CONFERRING 
SPATIAL AND TEMPORAL REGULATION* 
Introduction
Most plant transcription factors reported to date contain conserved domains of 
well-characterized animal and yeast counterparts. Maize K nl is a homeobox-containing 
putative transcription factor involved in leaf development (Vollbrecht et al. 1991). 
Homeotic genes Antirrhinum defA (Sommer et al., 1990) and Arabidopsis AG  (Yanofsky 
et al., 1990) are involved in flower development and encode a sequence similar to the 
mammalian SRF and yeast MCM1. Mammalian myfr-related sequences were reported in 
the maize C l gene (Paz-Ares et al., 1987) and six genes isolated from Antirrhinum 
flowers (Jackson et al., 1991). Basic-leucine zipper (bZip) motif occurs in wheat HBP- 
la, H BP-lb (Tabata et al., 1991), tobacco TGAla, TG A lb (Katagiri et al., 1889), and 
maize 0 2  gene product (Schmidt eta l., 1990). Finally, a putative transcription factor 
maize R gene product (Ludwig eta l., 1989) contains a basic-helix-loop-helix (bHLH) 
domain, which has been found in mammalian myc and MyoD, yeast CBF1, Drosophila 
achaete-scute and daughterless gene products. The conservation of target sequences, 
DNA-binding and dimerization domains of these eukaryotic transcription factors may 
suggest that cis- and trans-acting factors involved in transcriptional regulation in plants 
are similar to a large extent to those in animals.
This chapter was reprinted with permission (APPENDIX E) from the article Kawagoe and Murai (1992).
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Expression of the bean seed storage protein phaseolin is under strict 
developmental control, providing an excellent system to study mechanisms of spatial and 
temporal gene regulation. A native fi-phaseo lin  gene consisting of the 782 bp 
upstream, 1990 bp coding and 1100 bp downstream sequences was sufficient to confer 
phaseolin expression in sunflower calli and developmentally-regulated gene expression 
and protein targeting in seeds of tobacco plants (Murai et al., 1983; Greenwood and 
Chrispeels, 1985; Sengupta-Gopalan et al., 1985). 5' deletion analyses of the 782 bp 
upstream sequence fused to the B-glucuronidase (GUS) reporter gene indicated three 
positive and two negative regulatory elements that are required for spatial and temporal 
gene regulation (Bustos et al., 1989; Bustos et al., 1991a). Similar studies using the 
native fi-phaseolin gene identified several c/s-acting regulatory elements in the 783 bp 
upstream region (Burow etal., 1992). Temporal regulation of the gene is manifested by 
regulatory elements in the sequence -295/-107. Spatial regulation of the gene is 
controlled by a combination of at least three elements, a major positive element for 
expression in seeds (-295/-228), a minimal promoter (-64/-14), and one negative element 
that represses phaseolin expression in stem and root (-295/-107). These results suggest 
that the proximal promoter contains multiple target sequences for DNA-binding proteins. 
In this chapter, I studied DNA-protein interactions by exonuclease III protection assay 
and competition assays with oligonucleotides. The present results indicate that three 
CANNTG motifs found in the -295 region are bound by the same DNA-binding protein 
designated CAN.
Materials and Methods
Nuclei isolation and nuclear protein extraction. Nuclei were isolated from 2-3- 
week-old developing cotyledons and mature leaves of bean (Phaseolus vulgaris L. cv. 
Tendergreen), and from developing seeds of tobacco (Nicotiana tabacum L. cv. Xanthi) 
as described by Chappell and Chrispeels (1986). The collected nuclei were suspended in 
buffer C of extract preparation (Dignam et al., 1983). The nuclei homogenate was 
centrifuged for 30 min at 25,000g and the supernatant was dialyzed against 100-200 ml 
buffer D of Dignam et al. (1983). After dialysis, nuclear extract was stored at -80°C. 
Protein concentration was determined by the method of Bradford (Bio-Rad) using BSA 
as a standard.
Probes fo r  gel mobility-shift assay and exonuclease III protection assay. 
Nsil/Dral (-391/-228), Dral/Nsil (-227/-65), and Nsil/Mnll (-64/-14) fragments from the 
phaseolin promoter were subcloned into pBluescript KS+ or pUC19. Probes used for 
gel mobility shift assay were generated by digesting the plasmids with appropriate 
restriction enzymes, followed by Klenow fill-in with [32p]dATP and [32p]dTTP. The 
labeled fragments were purified by electrophoresis on 8 % polyacrylamide gels. DNA 
probes for exonuclease III protection assay were prepared by digesting plasmids 
containing -422/+112 or -295/+112 fragments with Xbal, followed by 5'-end labeling by 
T4 polynucleotide kinase with [32P]ATP. Subsequent EcoRI digestion generated 
-295/+112 and 422/+112 fragments. The probes were purified as described above.
Gel mobility shift assay and competition assay with oligonucleotides. G e l 
mobility shift assay was conducted following the protocol of gel-shift kit (Stratagene). 
Nuclear proteins were incubated with DNA probes (10,000-60,000 c.p.m.) for 30 min at
room temperature in 14 - 20 fil of either KC1 buffer or NaCl buffer. KC1 buffer 
contained 12 mM Tris-HCl, pH7.7, 11 mM MgCl2, 60 mM KC1, 12% glycerol, 20 mM 
HEPES, pH8.4, and 0.05 or 0.1 mg ml-i poly(dl-dC). NaCl buffer contained 10 mM 
Tris-HCl, pH7.5, 2.5 mM EDTA, 1 mM DTP, NaCl as indicated, and 0.05 or 0.1 mg 
ml-i poly(dl-dC). Assay mixtures were electrophoresed on 7 % polyacrylamide gels in 
Tris-glycine buffer (Stratagene) at 4°C for 1-1.5 h. Dried gels were exposed to X-ray 
films for 0.5 - 10 d.
Competitor oligonucleotides were synthesized by Oligos Etc. (Wilsonville, OR). 
Equal amounts of two complementary oligonucleotides (1 mg ml-i) were mixed, heated to 
boiling and annealed by cooling slowly to room temperature. Annealed double-stranded 
oligonucleotides were filled-in at the 3' ends with the Klenow fragment. After two 
ethanol precipitations, the concentration of oligonucleotides was determined 
spectrophotometrically and used for gel-shift assays. At this high concentration of 
oligonucleotides, it was assumed that competitor oligonucleotides are predominantly 
double-stranded DNA molecules mixed with a small amount of single-stranded DNA. 
Competition assay was performed as described in gel shift assay except for prior 
incubation of competitors with proteins in the KC1 buffer. After 10 min incubation, DNA 
probes were added to assay mixtures and the assay was allowed to continue for another 
30 min.
Exonuclease III protection assay. Exonuclease III protection assay was 
performed by a modification of the method of Allen et al. (1989). Nuclear proteins were 
incubated with 5' end labeled fragments (10,000-50,000 c.p.m.) in 50 pi of KC1 buffer
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for 30 min at room temperature. Exonuclease III enzyme (50 U) was added to reaction 
mixtures and incubation was continued at 30 °C for 10 - 30 min. Digested fragments 
were ethanol-precipitated and then electrophoresed on a 6% polyacrylamide sequencing 
gel. Sequencing-reaction products of a known sequence were run along the samples as 
size markers.
Results
Gel electrophoresis mobility shift assay. Crude nuclear proteins were isolated 
from bean seeds, bean leaves, and tobacco seeds to compare DNA-binding activities 
between phaseolin expressing (seed) and no expressing (leaf) organs of bean, and 
between homologous (bean) and heterologous (tobacco) seeds. Figure 2.1 illustrates the 
restriction endonuclease map of the phaseolin proximal promoter and a part of coding 
region and DNA probes for gel mobility shift and exonuclease III protection assays.
The -64/-14 fragment contains a minimal promoter conferring phaseolin 
expression preferentially in seeds, but also in roots and stems (Burow et al. , 1992). All 
three nuclear protein extracts formed a retarded DNA/protein complex, termed A l, each 
having a different electrophoretic mobility (Figure 2.2A). The -106/-65 fragment 
contains a positive element (s) for phaseolin expression in stems and roots (Burow et a l., 
1992). Bean and tobacco seed nuclear proteins formed a retarded complex with this 
fragment, whereas bean leaf nuclear proteins had no gel-shifting activity (Figure 2.2B). 
Increasing concentrations of bean seed proteins up to 0.44 [ig did not produce any 
additional complex (data not shown), indicating that the retarded complex contains a 
single protein factor. This factor was termed CANNTG motif-binding protein (CAN) 
and was characterized further by competition assays (see below).
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A. Restriction endonuclease map
Ncol Nsil Bel l  Dra l  Hincll  Nsi l  Mnll EcoRI
H --------------- 1--------1------------------1-------1-------h r ■ J
-422-391  -295 -227 -106 -64  -13  +112
B. Probes for gel mobility-shift assays
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C. Probes for exonucleaselll protection assays
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32p . - 2 9 5 /  + 1 12
!P | -
Figure 2.1. Physical map of the B-phaseolin proximal promoter. (A) Restriction 
endonucleases used for preparing DNA probes are shown on the top. Numbers refer to 
the nucleotide position of the cleavage site relative to the transcription initiation site. (B) 
Five DNA probes indicated by thick lines and numbers were used for gel mobility-shift 
assays. (C) Two DNA probes indicated by thick lines and numbers were used for 
exonuclease III protection assays. The probes were 5' end labeled as indicated by 32P.
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F ig u re  2.2. Comparison between bean seed and leaf, and tobacco seed nuclear 
proteins in DNA-binding activities associated with the li-phaseolin proximal promoter. 
KC1 buffer was used for all incubations. (A) Labeled -64/-14 fragment was incubated 
with no protein (lane 1), bean seed proteins 1.1 |lg (lane 2), bean leaf proteins 0.48 jag 
(lane 3), or tobacco seed proteins 2.6 |ig (lane 4). (B) Labeled -106/-65 fragment was 
incubated with no protein (lane 1), bean seed proteins 0.88 |ig (lane 2), bean leaf proteins 
0.6 |ig (lane 3), or tobacco seed proteins 7.7 Jig (lane 4). (C) Labeled -227/-107 
fragment was incubated as described in (A). (D) Labeled -295/-228 fragment was 
incubated with no protein (lane 1), bean seed proteins 0.44 pg (lane 2), bean leaf proteins 
0.6 p.g (lane 3), or tobacco seed proteins 6.8 p.g (lane 4). (E) Labeled -391/-296 fragment 
was incubated as described in (D).
13
The -227/-107 fragment contains a negative element(s) repressing phaseolin 
expression in stems and roots (Burow et al., 1992). At least four retarded complexes, 
termed B l, B2, B3, and B4, were formed with bean seed proteins (Figure 2.2C, lane 2), 
although B3 and B4 complexes were not resolved on this gel. Longer exposure of film to 
the gel revealed that bean leaf proteins formed only one complex corresponding to B l, 
and that tobacco seed proteins formed two or three complexes corresponding to B 1 and 
B3 or/and B4. The type of incubation buffer and salt concentration affected multiple 
complex formation with the -227/-107 fragment (data not shown). Briefly, B l complex 
was evident in KC1 buffer and in NaCl buffer when 200 or 550 mM NaCl was present. 
The results suggest that electrostatic interaction is important in protein binding to DNA 
and in protein-protein interaction. To study further relationships among the four 
complexes (Bl, B2, B3, and B4), I performed titration experiments in which the quantity 
of bean seed nuclear proteins was varied from 0.06 to 0.88 |ig (data not shown). B l 
complex was not detected at any protein concentrations in the NaCl buffer containing 50 
mM NaCl. The abundance of B2 complex increased as the amount of nuclear protein was 
raised to 0.22 jig, and decreased at higher protein concentrations. The decrease in B2 
complex formation coincided with the appearance of B3 and B4 complexes, suggesting 
that the protein(s) of the B2 complex is a part of B3 and/or B4 complexes.
The -295/-228 fragment contains a major positive regulatory element(s) which 
increases by 15-fold the steady-state concentration of phaseolin mRNA in seeds (Burow 
et al., 1992). Bean seed nuclear proteins formed two retarded complexes indicated by 
arrows CAN and Cl in Figure 2.2D, lane 2. Only one distinct complex corresponding to 
CAN was observed with tobacco seed proteins (Figure 2.2D, lane 4). No shifted
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complex was detected with bean leaf proteins (Figure 2.2D, lane 3). The relationship of 
CAN and C l complexes formed with the -295/-228 fragment was studied by protein 
titration assay (data not shown). No obvious correlation was evident between the two 
complexes at higher protein concentrations up to 0.88 |ig. The result implies that the two 
complexes do not share the same protein component
The -422/-296 fragment contains a negative regulatory element(s) reducing 
phaseolin expression in seeds (Burow et al., 1992). When the -391/-296 fragment was 
used as a DNA probe, both bean and tobacco seed proteins formed an abundant retarded 
complex indicated by an arrow AG-1 in Figure 2.2E, lanes 2 and 4. Longer exposure of 
film to the gel revealed two slower migrating complexes, indicated by arrows a and b. 
Bean leaf proteins contained much less gel-shifting activity corresponding to the AG-1 
complex (Figure 2.2E, lane 3).
Exonuclease III protection assay. As a first step to characterize target sequences 
of these DNA-binding proteins, I attempted a DNase I footprinting assay without 
success. This is primarily due to the low concentrations of target proteins in bean 
cotyledon nuclear extracts. An exonuclease III protection assay was then employed, 
which is known to be more sensitive than DNase I protection assay to detect DNA/protein 
interaction. The results from these experiments, as described below, were not sufficient 
to determine target sequences of the DNA-binding proteins, and were used to assist in 
designing oligonucleotides for competition assay.
When the non-template strand of the -295/+112 fragment was 5' end labeled as 
the DNA probe (Figure 2.1C), protection in the -201/-156 region was most evident 
(Figure 2.3A). A nucleotide -158, corresponding to the last base of a CACCTG motif
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F ig u re  2.3. Sequence-specific protection from exonuclease III digestion in the 
phaseolin proximal promoter. Exonuclease HI (50 U) digestion was performed at 30 °C 
for 15 min unless otherwise specified. (A) Labeled -295/+112 fragment was incubated 
with no protein (lane 1), 0.44 pg (lane 2), or 2.2 pg (lane 3) of bean seed nuclear 
proteins. Arrows and numbers indicate protected nucleotides and their positions relative 
to the transcription initiation site. (B) Labeled -295/+112 fragment was incubated with no 
protein (lane 4), bean seed proteins 1.76 pg (lane 1), tobacco seed proteins 17 pg (lane 
2), or bean leaf proteins 1.2 pg (lane 3). The sequence of non-template strand 
(-165/-156) including CACCTG motif is displayed on the right hand side. (C) Labeled 
-422/+112 fragment was incubated with no protein (lanes 1 and 4), 0.22 pg (lanes 2 and 
5), or 0.66 pg (lanes 3 and 6) of bean seed nuclear proteins. Exonuclease III (50 U) 
digestion was conducted at 30 °C for 15 min (lanes 1-3), or 25 min (lanes 4-6). The 
sequence of non-template strand including GC-rich sequence (-289/-277) or 
AAAAAGACAA motif (-356/-347) are displayed on the right hand side. (D) Labeled 
-422/+112 fragment was incubated with no protein (lane 4), bean seed proteins 1.76 pg 
(lane 1), tobacco seed proteins 17 pg (lane 2), or bean leaf proteins 1.2 pg (lane 3). 
(Figure 2.3A, lane 3). Seven additional protected sites were detected in the -201/-165 
region which includes an AAAAAQ.GCAA motif (-191/-182) and two CA-rich 
sequences, CATCACCACAACCA CC (-175/-160) and CACAAACACA (-201/-192) as 
indicated by arrows in Figures 2.3A and 2.4A.
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(-163/-158, protected nucleotide is underlined), was protected clearly, so was a 
nucleotide - 156 (Figure 2.3A, lane 3). Seven additional protected sites were detected in 
the -201/-165 region which includes an AAAAA(]GCAA motif (-191/-182) and two CA- 
rich sequences, CATC ACC AC A ACC ACC (-175/-160) and CACAAACACA (-201/-192) 
as indicated by arrows in Figure 2.3A and 2.4A.
Three nuclear protein preparations from bean seed, tobacco seed, and bean leaf 
were compared to see whether species- and/or organ-specific exonuclease III digestion 
pattern occurs in the -201/-156 region. All three protein extracts protected positions -156 
and -158 (Figure 2.3B). Both seed proteins reduced exonuclease III digestion at position 
-201. However, tobacco seed and bean leaf proteins did not protect positions -176, -177, 
-181, and -187, which were protected by bean seed proteins. These differences in 
exonuclease HI digestion patterns are consistent with the result of the gel-shift experiment 
with the -227/-107 fragment (Figure 2.2C), in which both tobacco seed and bean leaf 
proteins showed much lower gel-shifting activities than bean seed proteins.
Two regions of the -422/+112 fragment were protected from exonuclease III 
digestion when the non-template strand of the fragment was 5' end labeled as the DNA 
probe (Figures 2.1C and 2.3C). Proximal protected positions -277, -286, and -289 were 
located in a GC-rich sequence, £3AT£GCCGCGTCC (-289/-277). Distal protected 
positions -351 and -352 occur within the A AAA AG AC A A motif (-356/-347). Tobacco 
seed and bean leaf proteins interfered with exonuclease IQ digestion at positions -351 and 
-352 more effectively than bean seed proteins (Figure 2.3D). Tobacco seed proteins 
protected additional positions -358, -360, -363, and -364. Protection of these four sites 
might have been caused by binding of additional tobacco seed proteins to this region.
Competition assay with oligonucleotides. Competition assays with unlabeled 
oligonucleotides were performed to identify target sequences essential for protein 
binding. Fifteen oligonucleotides were synthesized as competitors (Figures 2.4A and 
2.5A), eight of which were designed based on the results from exonuclease HI protection 
assays (Figure 2.3).
CAN complex formation with the -106/-65 fragment was effectively disrupted by 
prior addition of 3000 to 4300-fold molar excess of the competitors CATATG (-106/-80), 
CACCTG (-172/-146), and CACGTG (-268/-240), but not by the competitors GC 
(-291/-269) or TATA (-53/-17) (Figure 2.4A and B). The -106/-65 probe fragment does 
not share sequence similarity with either competitors CACGTG or CACCTG except that 
the probe and the two competitors all contain a CANNTG motif. The result suggests that 
CAN binds to the consensus CANNTG motif. This conclusion was supported further by 
competition experiments with a second DNA probe -295/-228. CAN complex formation 
with the -295/-228 fragment was effectively disrupted by the competitors CACGTG, 
CACCTG and CATATG (data not shown), but not by the competitors GC, CACA, or 
AAAGAx2 (Figure 2.4A and C). This suggests that the same CAN protein binds to the 
CANNTG motif in the -106/-65 and -295/-228 fragments.
To evaluate the importance of CANNTG motif in CAN binding, I mutated three 
bases of CANNTG motif within the competitor oligonucleotides. CAN complex 
formation with the -106/-65 fragment was at least 10-fold more resistant to disruption by 
the mutant competitor CACGTGm, in which the last three bases of CANNTG motif are 
changed from CACGTG to CACTGT (Figure 2.4A), than by the wild-type competitor 
CACGTG (Figure 2.4D, lanes 2-5). CAN complex formation with the -295/-228
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F igure  2.4. Sequence-specificity of CAN binding determined by competition assay 
with synthetic oligonucleotides. (A) Sequences derived from phaseolin promoter are 
represented by capital letters and positions relative to transcription initiation site are 
shown in parentheses. Vertical arrows indicate nucleotides protected from exonuclease 
III digestion (Figure 2.3). CACGTG, CACCTG, and CATATG motifs are double­
underlined. CA-rich sequence, GC-rich sequence, and two TATA-boxes are underlined. 
Two 11 bp AAAAAGACAAA motifs in direct repeat are indicated by arrows. 
Competitor CACA contains a T-rich sequence, indicated by an arrow with reverse 
orientation, whose complementary sequence differs from the AAAAAGACAA motif in 
the AAAGAx2 by one base. (B) Bean seed proteins were incubated for 10 min with no 
competitor (lane 1), or with 200 ng unlabeled competitors CATATG (lane 2, 8.2 
pmoles), CACCTG (lane 3, 8.2 pmoles), CACGTG (lane 4, 7.8 pmole), GC (lane 5, 9.6 
pmoles), and TATA (lane 6, 6.6 pmoles). Labeled -106/-65 fragment (2.2 fmoles) was 
added to assay mixtures and the assay was allowed to continue for another 30 min. (C) 
Bean seed proteins were incubated with no competitor (lane 1), or 100 ng unlabeled 
competitors GC (lane 2, 4.8 pmoles), CACGTG (lane 3, 3.9 pmole), CACCTG (lane 4, 
4.1 pmoles), CACA (lane 5, 5.1 pmoles), and AAAGAx2 (lane 6, 3.8 pmoles). Labeled 
-295/-228 fragment (1.0 fmoles) was added last. (D) Bean seed proteins were incubated 
with no competitor (lane 1), or unlabeled 40 or 200 ng competitors CACGTG (lanes 2 
and 3, 1.6 and 7.8 pmoles), CACGTGm (lanes 4 and 5, 1.6 and 7.8 pmoles), CATATG 
(lane 6 and 7, 1.6 and 8.2 pmoles), and CATATGm (lanes 8 and 9, 1.6 and 8.2 pmoles). 
Labeled -106/-65 fragment (2.2 fmoles) were added last. (E) Bean seed proteins were 
incubated with no competitor (lanes 1 and 10), or 40 or 200 ng unlabeled competitors 
CACGTG(lanes 2 and 3), CACGTGm (lanes 4 and 5), CATATG (lanes 6 and 7), 
CATATGm (lanes 8 and 9), CACCTG (lanes 11 and 12) and CACCTGm (lanes 13 and 
14, 1.6 and 8.2 pmoles). Labeled -295/-228 fragment (0.8 fmoles) was added last. Two 
experiments (lanes 1-9 and lanes 10-14) were conducted independently.
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fragment responded to disruption by the competitors CACGTG and CACGTGm in 
essentially the same manner (Figure 2.4E, lanes 2-5) The results confirm the previous 
conclusion that the same CAN protein recognizes the CANNTG motif in the -295/-228 
and -106/-65 fragments. A second mutant competitor CACCTGm contains mutations in 
the first three bases of the CANNTG motif (GTGCTG. Figure 2.4A). The three base 
mutations reduced competition efficiency by about fivefold (Figure 2.4E, lanes 11-14). 
These results indicate that CANNTG motif is critical for CAN binding to the CACGTG 
and CACCTG motifs.
A third mutant competitor CATATGm contains mutations in the last three bases of 
the CANNTG motif (CATCGT, Figure 2.4A). However, no difference was detected 
between the wild-type and the mutant competitors in disrupting CAN complex formation 
with both the -106/-65 fragment (Figure 2.4D, lanes 6-9) and the -295/-228 fragment 
(Figure 2.4E, lanes 6-9). This result suggests that the mutation in the last three bases of 
the CATATG motif is not sufficient to interfere with CAN binding.
Formation of complexes AG-1, a, and b with the -391/-296 fragment was 
disrupted effectively by competitors AAAGAx2 (-384/-342) and AAAGA (-361/-343) 
(Figure 2.5B, lanes 2 and 3). This result indicates that the direct repeat of 11 bp motif 
AAAAAGACAAA is not required for complex formation. Mutated competitor 
AAAGAm, in which five bases at the middle o f the 11 bp motif are changed from 
AAAAAGACAAA to AAC CC TAAAAA (Figure 2.5A), did not disrupt the AG-1 
complex formation. This indicates that the mutated five bases of the 11 bp motif are 
critical for AG-1 protein binding. The competitor AAAGAx2 also disrupted B2 complex
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formation with the -227/-107 fragment (data not shown). However, competitor CACA 
(-201/-170) did not compete for AG-1 binding even though the competitor CACA 
contains the 10 bp AAAAAGGCAA sequence, which lacks one adenine and differs by 
one base from the 11 bp AAAAAGACAAA motif.
The B2 complex with the -227/-107 fragment was formed preferentially at lower 
protein concentrations. The competition experiment was thus conducted with 0.44 pg 
bean seed proteins in KC1 buffer (Figure 2.5C). Competitor CACGTG did not affect 
complex formation (Figure 2.5C, lane 2). Competitor CACCTG disrupted B 1 complex 
and reduced B2 and B3/B4 complex formation (Figure 2.5C, lane 3). However, addition 
of mutated competitor CACCTGm resulted in a novel complex formation between B2 and 
B3 complexes (Figure 2.5C, lane 4). Addition of competitor CACA, which contains CA- 
rich sequence and AAAAAGGCAA motif, reduced or eliminated formation of all B l, B2, 
B3, and B4 complexes, and resulted in the formation of a novel complex, which moved 
slightly slower than B2 complex (Figure 2.5C, lane 5). A remarkable contrast in 
complex formations was observed between wild-type competitor AAAGA and its mutant 
AAAGAm. Competitor AAAGA enhanced B l, but reduced B2 and B3/B4 complex 
formations, whereas the mutant AAAGAm essentially did not affect any complex 
formations at all (Figure 2.5C, lanes 6 and 7).
Two TATA-boxes, TATATAA (-43/-37) and TATAAA (-32/-27), in the -64/-14 
fragment are potential targets of the TATA-box binding protein of TFIID. Ten 
nanograms of competitor TATA disrupted A l complex formation, whereas 50 ng of 
mutated competitor TATAm , in which six bases are changed from TATATAA (-43Z-37)
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F ig u re  2.5 Sequence-specificity of AG-1, CA-1, and TATA-box binding protein 
bindings determined by competition assay with synthetic oligonucleotides. (A) 
Sequences derived from phaseolin promoter are represented by capital letters and 
positions relative to the transcription initiation site are shown in parentheses. Vertical 
arrows indicate nucleotides protected from exonuclease HI digestion (Figure 2.3). Two 
TATA-boxes and 11 bp AAAAAGACAAA motif are underlined. Two GATC motifs in 
direct repeat are indicated by arrows. (B) Bean seed proteins were incubated with no 
competitor (lane 1), 200 ng unlabeled competitors AAAGAx2 (lane 2, 7.8 pmoles), 
AAAGA (lane 3, 10.8 pmoles), AAAGAm (lane 4, 10.8 pmoles), GATC (lane 5, 11.2 
pmoles), and CACA (lane 6, 10.2 pmoles). Labeled -391/-296 fragment (22 fmoles) was 
added last. (C) Bean seed proteins were incubated with no competitor (lane 1), or 400 ng 
unlabeled competitors CACGTG (lane 2, 15.6 pmoles), CACCTG (lane 3,16.4 pmoles), 
CACCTGm (lane 4, 16.4 pmoles), CACA (lane 5, 20.4 pmoles), AAAGA (lane 6, 21.6 
pmoles), and AAAGAm (lane 7, 21.6 pmoles). Labeled -227/-107 fragment (82.5 
fmoles) was added last. (D) Bean seed proteins were incubated with no competitor (lane 
1), or 10, 50 or 250 ng unlabeled competitors TATA(lanes 2, 3 and 4; 0.3, 1.7 and 8.3 
pmoles), and TATAm (lane 5, 6 and 7; 0.3, 1.7 and 8.3 pmoles). Labeled -64/-14 
fragment (1.6 fmoles) was added last.
A
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and TATAAA (-32/-27) to Q.AQ.AQ.AA and Q.AQ.AQ.A, respectively (Figure 2.5), 
reduced but did not eliminate A l complex formation (Figure 2.5D). In contrast to the Al 
complex, A2 complex formation was highly resistant to disruption by both wild-type and 
mutant competitors (Figure 2.5D).
C l complex formation with the -295/-228 fragment was not reproduced 
consistently, suggesting that C l has a lower binding affinity than the other proteins 
(Figures 2.2D, and 2.4C and E). Preliminary results indicated that C l complex 
formation was effectively disrupted by the competitor GC. In addition, exonuclease III 
protection assay indicated that the GC-rich sequence was protected by protein binding 
(Figure 2.3C). It is possible that C l binds to the GC-rich sequence, CGCCGCGTCC 
(-286/-277).
D iscussion
Four distinct proteins bind to the phaseolin proximal promoter. I propose a 
working model in Figure 2.6B showing how each DNA-binding protein interacts with the 
target sequence in the proximal promoter of the fi-phaseolin  gene. Capital letters in 
Figure 2.6A represent target sequences of DNA-binding proteins determined by 
exonuclease III protection experiments and competition assays. DNA-binding protein 
AG-1 was the most abundant among the four DNA-binding proteins detected in bean seed 
nuclear extracts (Figure 2.2E). Although both competitors AAAGAx2 and AAAGA 
disrupted formation of complexes a and b in addition to the complex AG-1 formation 
(Figure 2.5B), it is not clear whether complexes a and b contain AG-1. In the working 
model, the AG-1 monomer gives rise to one major AG-1 complex and that AG-1 dimers 
and trimers yield two minor a and b complexes, respectively. Alternatively, additional
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F igu re  2.6. Schematic representation of multiple protein-binding sites in the 5' 
proximal promoter of the fi-phaseolin  gene. (A) Target sequences for DNA-binding 
proteins are AAAAAG(A/G)CAA motifs, a GC-rich sequence, two separate CA-rich 
sequences, three CANNTG motifs, and two TATA boxes, as indicated by capital letters 
in the sequence and italic letters above the sequences. Exact boundaries of protein- 
binding sites have not been determined yet. A CCAAT-like sequence is also shown by 
italic letters above the sequence, although interaction of CCAAT-binding protein with 
CCAAAT sequence (-89/-84) has not been detected. Restriction enzyme sites used for 
preparing probes are also shown. Nucleotide numbers are relative to the transcription 
initiation site. (B) The potential positions and functions of temporal and spatial cis- 
regulatory elements are shown on the top (Burow e ta l.,  1992). Briefly, phaseolin 
expression in seeds was under control of a major positive regulatory element {++} 
(-295/-228), a minimal promoter (-64/-14), and one minor positive {+} (-783/-423) and a 
negative element {-} (-422/-296). The sequence upstream of -107 contains a negative 
element (s) repressing phaseolin expression in stem and root. The -106/-65 region 
contains a positive regulatory element {+} for phaseolin expression in stems and roots. 
There appear to be at least one temporal element (-295/-228) for late expression, and 
possibly one more element (-64/-14) for early expression in seeds. DNA-binding 
proteins AG-1, CAN, CA-1, and TATA-box binding protein, and their target sequences 
are shown on the bottom.
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factors may bind to the AG-1 complex with the -391/-296 fragment, yielding two minor 
complexes a and b.
DNA-binding protein CA-1 binds to two separate CA-rich sequences, -201/-192 
and -175/-160. Three competitors, CACCTG, CACCTGm, and CACA, all of which 
contain a CA-rich sequence, disrupted B l complex formation (Figure 2.5C). On the other 
hand, die competitor AAAGA enhanced B l complex formation (Figure 2.5C). Based on 
these results, it is possible that B l complex contains one CA-1 and that B2 complex 
contains one CA-1 and one AG-1. The addition of the mutated competitor CACCTG “  
resulted in the formation of a new complex between B2 and B3 complexes. Furthermore, 
addition of the competitor CACA produced a complex which moved slighdy slower than 
the B2 complex (Figure 2.5C). Appearance of the new complexes may be due to the 
difference in the composition of DNA-binding proteins, the alteration of DNA 
configuration, or both. Because of the existence of multiple complexes it is not clear how 
many proteins are involved in B3 and B4 complex formations. However, based on the 
titration and competition assay (Figure 2.5C), it is possible that at least one additional 
CA-1 joins the B2 complex, forming the B3 complex. A CA-rich sequence has also been 
found in the promoter of soybean seed storage protein fi-conglycinin gene, and has been 
identified as the target sequence of DNA-binding protein SEF3 (Allen etal., 1989).
Two TATA-boxes located at -43/-37 and -32/-27 were determined to be targets of 
the TATA-box binding protein by competition assay (Figure 2.5D). However, it remains 
to be demonstrated whether the A l complex with the -64/-14 fragment includes other 
TATA-binding protein-associated factors (TAF), and whether both TATA boxes or only 
one TATA-box are occupied by the TATA-box binding protein. In contrast to the Al
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complex, the A2 complex with the -64/-14 fragment was highly resistant to disruption by 
both competitors TATA and TATAm (Figure 2.5D). The result may suggest that the 
-64/-14 fragment contains an additional target site for a DNA-binding protein. 
Alternatively, the A2 complex may include TAF and other general transcription factors 
(TFIEB), forming a higher order of preinitiation complex.
CAN occupies the CACGTG and CATATG motifs. Competition assay 
demonstrated that the same protein CAN binds to the CACGTG motif in the -295/-228 
fragment and CATATG motif in the -106/-65 fragment, indicating that CAN does not 
distinguish the inner two bases of the CACGTG and CATATG motifs. This finding led 
me to believe that CAN binds to the consensus CANNTG motif. In addition, CAN binds 
to the CACCTG in the oligonucleotide CACCTG (-172/-146), because CAN complex 
formation with the -106/-65 and -295/-228 fragments was disrupted by the competitor 
CACCTG (Figure 2.4B and C). However, there has been no direct demonstration that 
CAN binds to the CACCTG motif in the context of -227/-107 sequence by competition 
assay because of the poor resolution of B3 and B4 complexes in gels. It is assumed in 
this study that CAN is a single protein. However, it is possible that CAN and CAN- 
related proteins that bind to the CANNTG motif constitute a protein family.
To test sequence specificity of CAN binding, I mutated the last three bases of the 
CANNTG motif in the CACGTG and CATATG oligonucleotides and the first three bases 
o f the CANNTG motif in the CACCTG oligonucleotide (Figure 2.4A). Mutated 
competitors CACGTGm and CACCTGm were much less effective than the wild-type 
competitors in disrupting CAN complex formations with the -106/-65 and -295/-228 
fragments (Figure 2.4D and E). These results indicate that CANNTG motif is critical for
CAN binding to CACGTG and CACCTG oligonucleotides. However, mutated 
competitor CATATG™ competed for CAN binding to the -106/-65 and -295/-228 
fragments as effectively as the wild-type CATATG competitor (Figure 2.4D and E). This 
suggests that the intact CATATG motif is not necessary for CAN binding to the 
CATATG oligonucleotide. The CATATG motif and the adjacent sequences constitute a 
palindromic sequence, ACCTGCAT ATGCGTGT (-105/-90). This flanking palindromic 
sequence may participate in CAN binding and may assist in tolerating three bases 
substitution in the CATATG™ oligonucleotide. In conclusion, it appears that CANNTG 
motif is a preferred target sequence for CAN binding. However, further analysis of the 
sequence preference of CAN binding must await the availability of purified CAN protein 
or cloned CAN cDNA.
The CACGTG m otif occurs in many cis-acting elements. The CACGTG motif, 
located at -248/-243 in the phaseolin proximal promoter, is a core sequence of the G box 
(5'-C/A CACGTGGCA-3'1. which occurs in the promoter sequence of both Rubisco 
small subunit genes (rbcS) of many plant species (Giuliano eta l., 1988) and chlorophyll 
a/b binding protein gene (cab-E) of Nicotiana plumbaginifolia (Schindler and Cashmore, 
1990). The CACGTG motif also occurs in the promoter sequence of chalcone synthase 
gene (ch s) of Antirrhinum majus (Staiger et al., 1989) and parsley (Petroselinum 
crispum)(Block etal., 1990), alcohol dehydrogenase gene (Adh) of Arabidopsis thaliana 
(McKendree e ta l., 1990), and abscisic acid-inducible Em  gene of wheat (Triticum  
aesm>Mm)(Guiltinan et al., 1990). Competition assay by Staiger et al. (1989) 
demonstrated that binding of Antirrhinum CG-1 to the CACGTG motif was disrupted by 
addition of the competitor containing the CACGTG motif, but not by the competitor
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containing the CAATTG motif. This suggests that CG-1 distinguishes between inner two 
bases, CG and AT, of the CANNTG motif. Thus, CG-1 seems to be distinct from CAN. 
Recently, three groups cloned a cDNA encoding CACGTG-binding protein, EmBP-1 
from wheat (Guiltinan et al., 1990), TAF-1 from tobacco (Oeda et al., 1991), and CPRF- 
1, -2, and -3 from parsley (Weisshaar et al., 1991). Deduced amino acid sequences of 
these factors indicate that all five factors belong to the basic-leucine zipper (bZip) protein 
family. It was also suggested that the inner four bases ACGT of the C ACGTG motif are 
common to many cA-acting elements.
Another example of the CACGTG-binding protein is Myc, a mammalian proto­
oncogene product, which belongs to the bHLH protein family (for review see Liischer 
and Eisenman, 1990). The CANNTG motif is the target sequence of homo- and hetero­
dimers of mammalian transcription factor MyoD, which also belongs to the bHLH family 
(Murre et al., 1989). These evidence point to the possibility that CAN may belong to 
either the bHLH or bZip protein family.
Transcriptional regulation o f the phaseolin gene. Previous cA -analysis 
demonstrated that the -295/-228 fragment containing the CACGTG motif confers high 
phaseolin expression in tobacco seeds (Burow etal., 1992). The results from Bustos et 
al. (1991a) indicated that the -295/-107 fragment containing both the CACGTG and the 
CACCTG motif activated seed-specific GUS expression when fused to the CaMV35S 
promoter. These and current results may suggest that the CACGTG motif (-248/-243) is 
a major cA-acting regulatory element in the B-phaseolin gene. It was reported recently 
that cooperative binding of MyoD at two sites was necessary for transcriptional activation 
of the target genes (Weintraub et al., 1990; Wentworth et al., 1991). Similarly,
transcriptional activation of the ft-phaseolin gene may require a cooperative interaction of
CAN proteins bound at the CACGTG and CACCTG or CATATG motif. In addition, 
CA-1 and AG-1 that form B l and B2 complexes may play important roles in spatial and
temporal regulation of the fi-phaseolin gene.
CHAPTER 3
SYNERGISM BETWEEN CACGTG (G-BOX) AND CACCTG CIS-  
ELEMENTS IS REQUIRED FOR THE TRANSCRIPTIONAL 
REGULATION OF THE BEAN SEED STORAGE PROTEIN 
p-P H A SE O L IN  GENE*
Introduction
Phaseolin is the predominant seed storage glycoprotein of common bean, 
Phaseolus vulgaris L., comprising 34 - 50% of total protein in mature seed (Bliss and 
Brown, 1982). Phaseolin consists of a relatively small number of closely related 
polypeptides and is synthesized abundantly and organ-specifically in developing 
cotyledons. These features made phaseolin one of the first well-characterized storage 
proteins. Its cDNA and genomic sequences (Sun et al., 1981; Slightom et al., 1983), 
expression in heterologous plant species (Murai et al., 1983; Sengupta-Gopalan et al., 
1985), three-dimensional protein structure (Lawrence et al., 1990), and protein 
modification/stability relationships (Hoffman eta l., 1988; Dyer et al., 1992) have been 
reported.
Expression of phaseolin is under strict developmental control and provides an 
excellent system to study temporal and spatial gene regulation. A native fi-phaseolin gene 
consisting of the 782 bp 5' upstream, 1990 bp coding, and 1100 bp 3' downstream 
sequences was sufficient for expression in transformed sunflower calli (Murai et al., 
1983), and also for developmentally regulated expression (Sengupta-Gopalan et al.,
*This chapter was reprinted with permission (APPENDIX E) from the article Kawagoe et al. (1994).
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1985) and protein targeting in seeds of transgenic tobacco (Greenwood and Chrispeels, 
1985). 5' deletion analyses o f the phaseolin promoter in transgenic tobacco have 
demonstrated the existence of several c/s-elements in the 782 bp upstream of the 
transcription initiation site. An upstream activating sequence, UAS1 (-295/-109), was 
found to confer seed-specific expression when fused to phaseolin or CaMV 35S 
promoters (Bustos et al., 1991a). Burow et al. (1992) showed that the phaseolin 
upstream region contains many c/s-acting elements. These are a major positive element 
(-295/-228) which confers expression late in seed development, a minimal promoter 
(-64/-14) which specifies expression early in seed development, and a negative element 
(-295/-107) which suppresses expression in stem and root tissues. Additional minor 
regulatory elements slightly enhance (-782/-423) or inhibit (-422/-296) expression in 
seeds.
A study of putative trans-acting factors revealed that at least four nuclear proteins bind 
to the phaseolin 5' proximal region (Kawagoe and Murai, 1992). One protein, 
designated CAN, occupies CANNTG motifs present at three locations: -248/-243, 
-163/-158, and -100/-95. The TATA box-binding protein binds TATA box at -43/-37 
and/or -32/-27. The protein CA-1 interacts with two CA-rich sequences at -201/-192 and 
-172/-159. Finally, the abundant AG-1 associates with AAAAAGACAA at -376/-367 and 
-356/-347, and its nearly perfect complementary sequence, TTGGCHTTT, at -191/-182.
The CACGTG motif, or G-box core sequence, has been identified in the promoter 
region of over 70 plant genes (Williams eta l., 1992). Functional significance of the 
G-box in transcriptional regulation has been under intensive investigation (Donald and 
Cashmore, 1990; Guiltinan e ta l., 1990; McKendree e ta l., 1990; Oeda et al., 1991;
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Weisshaar et al., 1991). Two classes of eukaryotic transcription factors, basic Leucine 
Zipper (bZip) proteins (Guiltinan etal., 1990; Oeda etal., 1991; Weisshaar et al., 1991; 
Schindler etal., 1992a; Meier and Gruissem, 1994) and basic Helix-Loop-Hehx (bHLH) 
proteins (Murre et al., 1989), are known to bind the G-box. It was proposed that the 
G-box (-248/-243) in the fi-phaseolin gene is a major positive c/s-element (Kawagoe and 
Murai, 1992), but direct evidence to support this proposal has not yet been presented.
The objective of the present study was to see whether CAN and AG-1 binding sites 
play any regulatory role in transcription of the fi-phaseolin gene. Toward these ends, 
substitution mutation of the protein-binding sites was introduced, singly or in 
combination, and mutated proximal promoters were fused translationally to the GUS 
reporter gene. These constructs were transformed into protoplasts derived from 
developing bean cotyledons, and the effects of these mutations on transient expression of 
the GUS reporter gene were investigated. Current results substantiate that the G-box is a 
major positive c/s-element. In addition, the results indicate that synergistic interaction 
between the G-box and CACCTG motif and counteractive interaction between two AG-1 
binding sites play critical roles in regulation of the fi-phaseolin  gene expression in 
developing cotyledons.
Materials and Methods
Plasmid construction. The 8-phaseolin promoter was fused translationally to the 
GUS reporter gene and used in transient gene expression assays. The 1.2 kb 
Hindlll/BamHI fragment containing 782 bp phaseolin upstream sequence, 77 bp 
untranslated leader sequence and 7 bp coding sequence, was ligated to the 2.2 kb
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BamHI/Bglll fragment containing the B-glucuronidase (GUS) coding sequence and the 
nopaline synthase (nos) terminator of Agrobacterium tumefaciens.
Substitution mutations were created in pBluescript KS+ containing the -295/-65 
or -391/-65 phaseolin promoter sequence. Oligonucleotide-directed mutagenesis was 
performed by the method of Kunkel et al. (1987), using the Muta-Gene kit (Bio-Rad) and 
synthetic oligonucleotides (Oligos Etc.). Oligonucleotides used to introduce mutations 
(underlined) were TGC A A AGC A A ATT A ATCTTAAC ATGC (-258/-233), CACCACAA 
CGCTAGCTATATATTCATTC(-172/-145), ACGTCAACCTGACGCGTCGTGTCAT 
CC(-111/-85), TGCGC A AG A ACTCCGGAA AG AACA A AG A A ACTCCGG AA A AC A 
GAGA (-384/-339), and CACACAAACACACCCGGGCCCGCTTCATCATCAC 
(-202/-170). Substitutions and 5' deletions were confirmed by DNA sequencing 
analysis. A reference gene was constructed in which the firefly luciferase (LUC) gene is 
under the control of the -782/+S8 fragment of the fi-phaseolin promoter and the tumor 
morphology large (tml) terminator of A. tumefaciens.
Protoplast Transformation. Electroporation was used to introduce the GUS and 
LUC gene constructs into protoplasts derived from developing bean cotyledons. 
Immature seeds of Phaseolus vulgaris L. were obtained from greenhouse-grown plants. 
Protoplast preparation and transformation were performed essentially as described by 
Bustos et al. (1991b), with the following modifications. Bleach treatment was omitted 
and chopped cotyledon tissue was digested for 2 - 2.5 h with 1% cellulase RS and 0.1% 
pectolyase Y-23 at room temperature (25°C). Protoplasts were electroporated using a 
"geneZAPPER" (International Biotechnologies Inc.) at 1500 |iF  capacitance and 1200 V
cm-i field strength, and time constant (t) of 28 msec. Electroporation was performed in 2
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mm path length cuvette (Bio-Rad) using 0.3 ml aliquots containing 1 x 106 protoplasts 
ml-i, 50 |ig ml-i LUC reference plasmid, and 50 |!g ml-i of the GUS test construct (in 
experiments testing truncated promoters, DNA mass was adjusted to yield the same molar 
concentration of GUS plasmid as the control). After electroporation the cells were 
incubated in darkness at room temperature (25 °C) for 38 h.
Enzyme and Protein Assays. Protoplasts in 0.15 ml GUS extraction buffer were 
sonicated, the samples were centrifuged, and aliquots of the supernatant were used for 
enzyme and protein assays. GUS activity was quantified by the method of Jefferson 
(1987). LUC activity was measured with a scintillation counter using the Promega 
luciferase assay system. Protein concentration was determined by the Bradford method 
(Bio-Rad).
GUS activity of each sample was expressed as the ratio of GUS activity to LUC 
activity. Each mutant GUS construct was tested against the relevant wild-type positive 
control. Each experiment, in which four replicates per construct were assayed, was 
conducted three to four times. Results shown are from a single representative 
experiment.
R esults
Electroporation was used to introduce the mutant GUS and reference LUC DNA 
into protoplasts derived from developing bean cotyledons. The promoter activity was 
expressed as a ratio of the GUS activity conferred by mutated promoters to the luciferase 
activity conferred by the wild-type -782 promoter. The fluctuations of GUS activities 
were significantly normalized by taking GUS/LUC ratios. In one case, fluctuation of 
GUS activities of two samples in a construct were 5.9-fold, but the fluctuation turned out
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to be 1.2-fold when the two GUS/LUC ratios were compared. One reason for the 
fluctuations of GUS activities in a given construct is that the time constant (x) varies from
one experiment to another.
The results of 5' deletion analysis obtained from transient assays are essentially in 
agreement with previous results obtained from the stable transformation analysis (Figure 
3.1). These results demonstrate that the transient assay is a rapid and reliable method for 
dissecting the phaseolin promoter function. Removal of the -295/-228 fragment resulted 
in the largest reduction (76 %) of relative GUS activity. This agrees with the stable 
transformation results that indicate the existence of a major positive c/s-element in this 
region. Deletion of the -64/-14 segment resulted in the second largest reduction (60 %) of 
relative GUS activity. This result confirms the previous observation that the -64/-14 
region, which includes two TATA boxes, contains a positive c/s-element to provide 
transcriptional activation. The relative GUS activity of -391 deletion mutant was slightly 
higher than that of the -295 construct and was significantly higher than that of the -422 
construct. This suggests that the negative c/s-element postulated to occur between -422 
and -296 (Burow et al., 1992) lies within the -422/-392 region.
The c/s-element activity of three CANNTG motifs, CACGTG (-248/-243), 
CACCTG (-163/-158), and CATATG (-100/-95), was tested by substitution mutation. 
The CANNTG motifs were mutated, singly or in combination, and the promoter activity 
of altered fragments was compared with that of wild-type -295 promoter. The results 
indicate that each CANNTG motif acts as a cis-element in the -295 promoter (Figure 3.2). 
The most notable reduction (74 %) of relative GUS activity occurred when the
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Figure 3.1. 5' deletions reduced the phaseolin proximal promoter activity. The ratio of 
GUS activity to LUC activity (GUS/LUC), and relative GUS activity expressed as a 
percentage of the -295/GUS construct (100 %) are shown. Numbers shown are means of 
four replicates ±  S.E. Circles 2, 4, and 5 refer to the CACGTG (-248/-243), CACCTG 
(-163/-158), and CATATG (-100/-95) motifs, respectively. Triangles 1 and 3 represent 
the AAAAAGACAA (-376/-367, -356/-347) and TTGCCTTTTT (-191/-182) sequences, 
respectively. A square represents the TATA box, TATATAA (-43/-37) and TATAAA 
C-32/-27).
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CACGTG, or G-box, (-248/-243) was mutated. This result agrees with the 5' deletion 
analysis and confirms that the G-box is a major cA-element located in the -295/-228 
fragment. Substitution mutation of the CACCTG motif reduced the promoter activity to 
50% of the wild type level, indicating that the CACCTG motif is also an important 
positive cis-element This result was not obtained in the transient or stable transformation 
assays using 5' deletion constructs (Bustos etal., 1991a; Burow eta l., 1992). Mutation 
of both the G-box and CACCTG further reduced the promoter activity to 15.7% of wild 
type level. Substitution mutation of all three CANNTG motifs essentially eliminated the 
activity of the -295 promoter. In contrast, substitution mutation of the CATATG motif 
increased the promoter activity by 58 %, indicating the CATATG motif acted as a 
negative c/s-element when the G-box and CACCTG motif were intact. However, when 
the CACCTG or both the G-box and CACCTG motifs were mutated, the CATATG motif 
acted as a positive cA-element instead. But mutation of the CATATG box in the presence 
of the mutated G-box had no significant effect.
Functional significance of AG-1 binding sites in the promoter activity was also 
tested by substitution mutation of the AG-1 binding sequence (Figure 3.3). Two AG-1 
binding sites are located in tandem at the 5' end of the -391 fragment (-376/-367 and 
-356/-347). The core sequence AAAGAC was replaced with the CTCCGG sequence, 
and the activity of the altered promoter was compared to that of wild-type -391 promoter. 
Substitution mutation of the 5' end AG-1 binding sites increased the relative GUS activity 
by 84 %, indicating that these 5' end AG-1 binding sites function as negative c/s-elements 
in the context of the -391 promoter. A second AG-1 binding site is located at the center 
(-191/-182) of the -391 fragment. When the core sequence of this central AG-1 binding
1--------- O— I---------- O K H  \-Agus /
Wild type O  CACGTG O CACCTG O  CATATG  
M utant +  A T T A A T  •  GCTAGC Q  ACGCGT
2 9 5 2  4  5
GUS/LUC
R e la t iv e  
A c t i  v i ty  (% )
( A v e ±  S.E.) ( A v e ±  S.E.)
6.75 ±  0.44 100.0 ± 6.5
1.72 ± 0.09 25.6 ± 1.4
1.06 ± 0.20 15.7 ±  2.9
0.34 ± 0.02 5.1 ± 0.3
3.40 ± 0.29 50.3 + 4.2
2.77 ± 0.19 41.0 ± 2.9
1.72 ± 0.31 25.5 ± 4.6
10.69 ± 0.72 158.3 ±10.8
Figure 3.2. The G-box and CACCTG motif act synergistically in the -295 promoter. 
The ratio of GUS activity to LUC activity (GUS/LUC), and relative GUS activity 
expressed as a percentage of the -295/GUS construct (100 %) are shown. Numbers 
shown are means of four replicates ±  S.E. CAN binding sites and mutated sequence are 
represented by open circles and closed circles, respectively. Open circles 2, 4, and 5 refer 
to the CACGTG (-2487-243), CACCTG (-163/-158), and CATATG (-100/-95) motifs, 
respectively. Closed circles 2, 4, and 5 represent the mutated sequence, which are 
indicated by italic letters.
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F igure 3.3. The AG-1 binding sites act as positive or negative c/s-elements in the -391 
promoter. The ratio of GUS activity to LUC activity (GUS/LUC), and relative GUS 
activity expressed as a percentage o f the -391/GUS construct (100 %) are shown. 
Numbers shown are means of four replicates ±  S.E. AG-1 binding sites and mutated 
sequences are represented by open triangles and closed triangles, respectively. Open 
triangles 1 and 3 represent the AAAAAGACAA (-376/-367, -356/-347) and 
TTGCCTTTTT (-191/-182) motifs, respectively. Closed triangles 1 and 3 refer to the 
mutated sequence, which is represented by italic letters.
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site was replaced with the CCCGGGCCCG sequence, promoter activity was reduced to 
34 % of wild type level, indicating that this central AG-1 binding site functions as a 
positive cw-element. Interestingly, mutations on both 5' end and central AG-1 binding 
sites resulted in 67.8 % of wild-type promoter activity, indicating that the effect of the 
two c/s-elements is counteractive in the -391 promoter.
D iscu ssion
Results of transient gene expression assays suggest that all three CANNTG 
motifs found in the B-phaseolin proximal promoter have functional roles in the 
transcriptional regulation of the fi-phaseolin gene. Current results substantiate that the 
G-box (-248/-243) is a major positive c/s-element (Figure 3.2). Substitution mutation of 
G-box reduced the -295 promoter activity by 74 %. The CACCTG motif (-163/-158) was 
also found to be an important positive c/s-element in the -295 promoter. In contrast, 
substitution of the CATATG motif (-100/-95) increased the promoter activity by 58%, 
indicating that the CATATG motif acts as a negative c/s-element. The construct 
containing intact G-box and mutated CACCTG/CATATG motifs had only 41 % of the 
wild type promoter activity, demonstrating that the G-box alone is not sufficient to confer 
the full extent of the -295 promoter activity.
When the construct with all three mutated CANNTG motifs is considered as a 
negative control, introduction of the G-box or CACCTG motif to the negative control 
increased the promoter activity by 36 and 20 %, respectively (Figure 3.2). However, 
addition of the G-box and CACCTG motif increased the promoter activity by 153%, 
which is much greater than the sum of the increases from the individual c/s-elements. 
This more-than-additive increase in transcription, better known as synergism, is common
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in eukaryotes. Theoretical bases for synergism in transcription have been discussed in 
detail by Herschlag and Johnson (1993). A possible model that accounts for the 
synergism is that the transcription factor CAN bound at the G-box and CACCTG affect 
two steps that are each partially rate limiting in the transcription of the fi-phaseolin gene. 
It is therefore not until both cA-elements are present and both partially rate limiting steps 
are sped up that there is a large increase in the rate o f transcription (Herschlag and 
Johnson, 1993). Alternatively, CAN bound at the G-box and CACCTG act 
synergistically by preventing RNA polymerase II and other general transcription factors 
from forming non-productive preinitiation complexes at two distinct stages (Hahn, 1993). 
In contrast to the synergism between the G-box and CACCTG motif, increases of 
transcriptional levels from the G-box/CATATG and CACCTG/CATATG were additive 
and less-than-additive, respectively (Figure 3.2). It is likely that the synergism between 
the G-box and CACCTG motif is inhibited to some extent in the wild type promoter, 
where the three CANNTG motifs are present simultaneously. Similar synergism was 
shown among three CANNTG motifs in the mammalian myosin light chain gene which 
are recognized by transcription factor MyoD (Wentworth etal., 1991). Weintraub et al. 
(1990) also demonstrated that cooperative binding of MyoD to two CANNTG sites is 
required for transcriptional activation of a muscle-specific creatine kinase gene.
Substitution mutation of the AG-1 binding sites indicate that AG-1 binding sites 
play an important role in phaseolin transcriptional regulation. The AG-1 binding sites 
function as either positive (-191/-182) or negative (-376/-367, -356/-347) cis-elements. 
Combination of the two mutations reduced each effect, indicating that the two cis- 
elements counteract each other in the -391 promoter.
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The CACGTG motif, or G-box core element, in some plant genes has already 
been shown to mediate environmental and/or developmental signals. These include 
Rubisco small subunit gene, rbcS (Donald and Cashmore, 1990), chlorophyll a/b-binding 
protein gene, cab-E, (Schindler et al., 1992b), chalcone synthase gene, chs (Block et al., 
1990), alcohol dehydrogenase gene, Adh  (McKendree et al., 1990), and abscisic acid- 
inducible gene, Em (Guiltinan et al., 1990). The G-boxes in these genes are known to be 
recognized by distinct transcription factors of the bZip protein family. A long standing 
question is how a G-box binding protein in a given tissue activates the target gene(s) but 
not non-target genes that are activated by a different G-box binding protein in a different 
tissue. Further investigations on G-box binding proteins and G-boxes in various genes 
that are active in different tissues may provide insights into mechanisms by which tissue- 
specific gene expression is controlled in higher plants.
The results obtained in the present and previous studies (Kawagoe and Murai, 
1992) suggest that both CAN and AG-1 are transcription factors. However, both these 
putative transcription factors function as positive and negative regulators depending on 
the position to which they bind. The complexity of the fi-phaseolin promoter is further 
illustrated by the synergism between the two CAN binding sites (G-box/CACCTG) and 
antagonism of the two AG-1 binding sites. A limitation inherent in the transient assay 
system is that it can not be used to monitor spatial and temporal control of the gene 
expression. Stable transformation analysis in tobacco with constructs containing mutated 
promoters used in this study should assist in elucidating the roles of CAN, AG-1, and 
their binding sites in developmental regulation of the fi-phaseolin transcription. Another 
critical question concerns the molecular nature of transcription factors CAN and AG-1.
CHAPTER 4
PHASEOLIN G-BOX BINDING PROTEINS CONTAIN A BASIC 
REGION/HELIX-LOOP-HELIX DOMAIN
Introduction
During seed development the embryo differentiates into two organs, the axis and 
the cotyledon. In legumes, embryogenesis can be divided into six stages: (1) proembryo, 
(2) globular, (3) heart, (4) cotyledon, (5) maturation, (6) dormant (Walbot etal., 1972). 
Although the cotyledon is a part of the embryo, it is a terminally differentiated organ 
system, which has many unique characteristics. For example, bean cotyledon nuclei are 
generally two to three times larger than leaf nuclei and more dispersed (Murray and 
Kennard, 1984). Furthermore, cell division ceases early in cotyledon development, but 
DNA synthesis continues throughout maturation, resulting in high levels of 
endopolyploidy.
Phaseolin, 7S globulin, is the major seed protein of common bean (Phaseolus 
vulgaris). Seven unique cDNA sequences have been characterized and classified into two
classes, a -  and B-phaseolin genes which share 98% sequence identity (Slightom et al.,
1985). A study o f phaseolin accumulation in developing cotyledons with antibodies 
raised against phaseolins showed no detectable phaseolin present in 6 mm seeds and only 
very small amounts in seeds less than 9 mm long (Sun etal., 1978). The major burst of 
phaseolin synthesis starts when the seed attains 12 mm in length. These results indicate 
that phaseolin is expressed in a organ- and stage-specific manner.
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Detailed analyses of a fi-phaseolin gene promoter revealed that the -295 bp 
promoter fragment contains sufficient information to confer developmentally regulated 
expression upon a native phaseolin  gene and a bacterial gene encoding the enzyme 
fi-glucuronidase (GUS) in transgenic tobacco (Bustos etal., 1989; Bustos et al., 1991a; 
Burow e ta l., 1992; Sen etal., 1993). Since the control of fi-phaseolin expression is 
primarily at the transcriptional level (Chappell and Chrispeels, 1986), transcription 
factor(s) that appears in cotyledons prior to phaseolin accumulation may play a role in 
transcriptional regulation of the phaseolin gene. DNA-protein binding assays revealed 
that at least four nuclear proteins bind to the phaseolin proximal promoter region 
(Kawagoe and Murai, 1992). The results indicate that the DNA binding protein CAN 
binds to the three CANNTG (E-box) motifs present in the promoter, which suggests the 
possibility that CAN belongs to the basic region/helix-loop-helix (bHLH) protein family 
(Kawagoe and Murai, 1992). Substitution mutation of the CACGTG (-248/-243), which 
is commonly known as G-box and is one type of E-boxes, reduced the -295 promoter 
activity by 75 % in a transient gene expression assay (Kawagoe et a l., 1994). Mutation 
analyses also demonstrated that CACCTG (-163/-158) and CATATG (-100/-95) act as 
positive and negative cA-elements, respectively. A construct containing the G-box and 
CACCTG resulted in a transcriptional level that is much greater than the sum of the 
transcriptional levels from the individual c/s-elements, indicating that the G-box and 
CACCTG act synergistically.
These results led me to hypothesize that CAN and the three phaseolin E-boxes 
play a major role in transcriptional regulation of the fi-phaseolin gene. As a first step to 
understand the molecular nature of CAN, I initiated the isolation of phaseolin G-box
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binding protein. First, I constructed a bean seed cDNA expression library in A.ZAPII. I
then screened for proteins capable of binding to oligonucleotides containing the phaseolin 
G-box. The screening yielded three positive clones on the basis of binding activity of the 
proteins expressed in E. coli to the DNA probe. DNA sequencing analyses revealed that 
the three cDNAs encode two different proteins that belong to the basic region/helix-loop- 
helix (bHLH) protein family, which is a group of transcription factors that bind to the 
E-box. Initial characterization of the two bHLH proteins were conducted by gel mobility 
shift assays with proteins expressed in E. coli.
Materials and Methods
Total and poly (A)+ RNA isolation and cDNA expression library construction. 
Total RNA was isolated from developing seeds ( 5 - 9  mm) of Phaseolus vulgaris L. cv. 
Contender by a modified hot-phenol method (John 1992; Maes and Messens, 1992). A 
cDNA library was constructed with the ZAP-cDNA Synthesis kit (Stratagene) according 
to the manufacturer's directions. Primary cDNA library consisting of 3.1 x 106 p.f.u. 
was amplified and stored at 4 °C.
Screening o f a cDNA expression library with oligonucleotides. Cloning of DNA 
binding proteins from the cDNA library was conducted according to standard protocols 
(Singh eta l., 1989). Binding buffer consisted of 10 mM Tris-HCl (pH7.5), 50 mM 
NaCl, 1 mM EDTA, and 0.25 % (w/v) Difco skim milk. Two oligonucleotides contain 
three and half G-boxes, 5'-AGCAACACGTGCTTAAGCAACACGTGCTTAAGCA A 
CA CG TG CTTAAGCAAC-3' and 5'-TAAGCACGTGTTGCTTAAGCACGTGTTG 
CTTAAGCACGTGTTGCTTAAGCACG-3' (G-boxes are underlined). They were first
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labeled at 5' ends with [y32p]ATP by T4 polynucleotide kinase and then annealed to form 
double-stranded oligomers. The 3' ends were filled-in and labeled with [ a 32P]dGTP by
the Klenow fragment. DNA probe (1.0 x 108cpm) and sonicated calf thymus DNA (500 
jig) were added to the binding buffer (100 ml) and used to screen 6 x 105 p.f.u. in 15 
plates. Three positive phage clones were isolated and further analyzed after in vivo 
excision of plasmid. Single-stranded DNAs were isolated and used as templates for 
sequencing reactions with Sequenase (USB). A set of 5' deletion mutants was generated 
using Bal31.
5 ’ end amplification o fP G l. 5 ’ end of phaseolin G-box binding protein 1 (PG1) 
was amplified by a PCR method (5’RACE) as described by Frohman etal. (1988). One 
|lg of poly(A)+ RNA isolated from the cotyledon stage seeds (5-9 mm) was annealed with 
a gene specific primer 5 ’-TGTCCGCCTCTTTCA-3’ and reverse transcribed with the 
enzyme MuLV reverse transcriptase (Stratagene). After a Centricon-100 spin, cDNAs 
were tailed in the presence of dATP with the enzyme terminal deoxynucleotidyl 
transferase (USB). Amplification of the cDNA fragment was carried out by using a PCR 
step program (95 °C, 40 sec; 56 °C, 1 min; 72 oC, 2 min; 40 cycles) with a (dT)n-
adaptor primer and a gene specific primer 5 ’-ACGGAAGCTTCCAGAT-3’ with the 
enzyme Taq DNA polymerase (Perkin Elmer-Cetus). Gel-purified PCR products were 
digested with HindHI and Xhol and cloned into appropriate sites of pBluescript KS(-).
Expression o f fusion proteins in E.coli. pBluescript plasmids containing the
cDNA inserts were rescued from IZAPII by in vivo excision. A 100 ml bacterial culture
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was grown in LB containing 10 mM glucose at 37 °C to O.D .6 0 0  = 0.2 to 0.4 and EPTG 
was added to a final concentration of 10 mM. Cultures were incubated at 37 °C with 
vigorous shaking for additional two hrs and cells were harvested by centrifugation at 
4000g for 20 min. Cells were suspended in 0.5 ml of 10 mM N a2HPC>4 , 30 mM NaCl, 
0.25 % (v/v) Tween 20, 10 mM B-mercaptoethanol, 10 mM EDTA, and 10 mM EGTA. 
Fifty pi of 10 mg ml-1 lysozyme was added and cells were incubated for 30 min on ice. 
Cell lysates were sonicated with a microtip for 2 min and separated by centrifugation at 
9000g for 30 min. The recovered supernatants were stored in small aliquots in 20 % 
(v/v) glycerol at -20 °C. Protein concentrations were determined by the Bradford method 
(Bio-Rad) using BSA as a standard. The fusion proteins contain extra 38 amino acids 
derived from B-galactosidase and pBluescript polylinker at the N-terminus.
Gel mobility shift assay. Gel mobility shift assays were carried out essentially as 
described by Kawagoe and Murai (1992), with the following modifications. Binding 
reaction mixtures (25 pi) contained 10 k c.p.m. DNA probe (32P end labeled by fill-in 
reaction with the Klenow fragment), l|lg  sonicated pBluescript DNA, 14 pi E. coli crude 
extracts, and 50 mM NaCl (final concentration). Reaction products were loaded onto a 4 
% (w/v) polyacrylamide gel. In an attempt to examine the heterodimer formation between 
the two proteins PG1 and PG2, the two extracts were mixed and incubated at room 
temperature for 30 min without the DNA probe, followed by incubation with the DNA 
probe for 30 min.
Northern blot analysis. Developing seeds were harvested at the heart (2.8-4.8 
mm seeds), early cotyledon (5-8 mm), late cotyledon (8.5-11.5 mm), and early
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maturation (12-15 mm) stages from greenhouse-grown bean plants. Total RNA was 
isolated by the hot-phenol method from seeds at the four stages, leaves, roots, and fully 
opened flower buds, and stored at -80 °C. Ten |ig of total RNA was separated on a 1 % 
(w/v) agarose gel containing 50 % (v/v) formaldehyde and transferred to a nitrocellulose 
membrane as described (Sambrook et al., 1989). Prehybridization and hybridization 
were carried out in 50 % (v/v) formamide, 5 x SSPE, 2 x Denhardt’s solution, 0.1 % 
(w/v) SDS, and 100 pg mH sonicated salmon sperm DNA at 42 °C. Filters were washed 
for 30 min at room temperature in 1 x SSC, 0.1 % (w/v) SDS, followed by three 30 min 
washes at 68 °C in 0.2 x SSC, 0.1 % (w/v) SDS. Single-stranded DNA probes were 
made by an extension reaction using T7 primer (Stratagene) with the Klenow fragment in 
the presence of [ a 32P] dATP as described (Sambrook et al., 1989). The DNA probes
were separated on a denaturing polyacrylamide gel and a single band was isolated from 
the gel after autoradiography. The probes for PG1 and PG2 mRNAs are 0.34 kb 
(664-999nt) and 0.22kb (l-220nt) in size, respectively.
R esults
Cloning ofcDNA encoding phaseolin G-box binding proteins. A  /iZAPII cDNA
library consisting of 3.1 million primary plaques was constructed from poly(A)+ RNAs 
isolated from the bean seeds at the early cotyledon stage (5-9 mm seeds). The library was 
screened for proteins capable of binding to oligonucleotides containing the phaseolin 
G-box sequence. After two rounds of screening three positive phage clones GB1-1, 
GB2-2, and GB8-3 were identified and purified on the basis of binding activity of the 
proteins expressed in E. coli to the DNA probe. Restriction enzyme digestion and DNA
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sequencing analyses revealed that GB1-1 (2.2kb) and GB2-2 (1.2kb) share the same 
sequence, whereas GB8-3 (l.lk b ) encodes a similar gene. The cDNA 5 ’ end of GB8-3 
was amplified by the method of Frohman et al. (1988). Two species of DNA 1.5 kb and 
1.4 kb were detected on an agarose gel and further characterized. Sequencing analyses 
showed that the two DNA fragments share the same sequence. It is not clear whether 
these results reflect the existence of two functional transcription initiation sites. The 
longer 5 ’ end cDNA and the original cDNA from GB8-3 together constitute a 2359 bp 
mRNA (not including poly A) and the longest ORF encodes a protein of an estimated 
molecular weight of 70.0 kD (Figure 4.1). A similar attempt to amplify the 5 ’ end cDNA 
of GB1-1 resulted in no distinct DNA fragments on an agarose gel after electrophoresis. 
Based on sequence comparisons between the two cDNAs, it is unlikely that the GB1-1 
cDNA (2233 bp) is full length (Figure 4.1). The proteins encoded by cDNAs of GB8-3 
and GB1-1 were termed Phaseolin G-box binding protein PG1 and PG2, respectively.
A search of the EMBL database indicates that the two cDNAs are most closely 
related to the maize R gene family (Consonni et al., 1993) at two regions. The first 
region shows a sequence similarity to the C-terminus region of the maize Lc, a member of 
R gene family (Ludwig etal., 1989), which corresponds to the basic region/helix-loop- 
helix (bHLH) domain (Figure 4.2). The second region shows a weak similarity to the 
N-terminus region of the Lc (Figure 4.3).
Gel mobility shift assays. Protein extracts were prepared from E. coli cells 
containing the rescued plasmids GB1-1, GB8-3, and the vector pBluescript alone. Based 
on the DNA sequence these protein extracts could contain 70.9 kD (PG2) and 31.7 kD 
(PG1) fusion proteins. Gel mobility shift assays were used to determine DNA binding
P Q 1  MTEYRSPPTMNLWTDDNASVMEAFMSSSDFSSLWLPTPOSAASTTTPGAD 50
N-TERMINUS DOMAIN 
TARALPPPPPSQSQSLFNQETLQQ RLQTUEGAEESWTYAIFWQSSYDYS 100 53
SSTSLLGWGDGYYKGEEDKGKGKAPKEMSSAEQDHRKKVLRELNSUSGP 150
FRSADDVDEEVSDTEWFR.VSMTOSFLSGSGLPGQAFLNSSPVWVAGADR 200
LSDSTSERARQGQVFGVQTLVCIPSANGWELASTEVIFQNSDLMKKVRD 250
LFNFNNPDAGFWPLNCX3ENDPSSLWLNPSSSIEIKDTSNAVALVSANASL 3 00
SKTMPFETPGSSTLTETPSAAAAAHVPNPKNQGFFPRELNFSNSLKPESG 350
EILSFGESKKSSYNGSYFPGVAAEETNKKRRSPASRSSIDDGMLSFTSGV 4 0 0
IIPASNIKSGAVAGGGASGGDSENSDLEASWKEADSRWEPEKRPRKRG 4 50
bHLH DOMAIN
RKPGNGR EEPLNHVEAERQRREKLNQRFYALRAWPNVSKMDKASLLGDA 500
ISYINELKSKLSELESEKGEL EKQLELVKKELELATKSPSPPPGPPPSNK 55 0
EAKETTSKLIDLELEVKIIGWDAMIRIQCSKKNHPAARLMAALKELDLDV 60 0
NHASVSWNDLMICJQATVNMGNRFYTQEQLRSARSSKIGNAL 6 4 2
N-TERMINUS DOMAIN 
PG2 CiTLCH RLCAUEGARESWTYAIFWQHSYDYSGSALLGWGDGYYKGDDDKA 50
KAKAKAKATSAAEQDHRKKVLRELNSUSGSSAASSDDVDEEVTDTEWFF 1 oo
LVSMTQSFVNGAGLPR RPSSTFTPSGSPERPPLHLPLRESPPGQVFGLQT 1 50
LVCIPSANGWELGSTELIYQNPDLMNKVKVLFNFSNNNFDMGSSWPATS 200
ADQGENDPSTLWLNDPEVRDSINTAAATPSVSVSVPPHNSTHGISKTMQL 250
ESSIQTPGSSTLTETPSSIHAVPQNOSVFSRELNFSEYGFDPKSGNTHNQ 30 0
HSLKPESCBLSFSDSKRTSYGGGGGGGGVNGNSNSNSNFFSGC3SPFVAV 350
ADENNNNNNGKRRSPNSRGSNDDGMLSFTSRAILPATMKSAGGGDSDHS 4 0 0
bHLH DOMAIN
DLEASWKDPWEPEKRPRKRGRKPANGR EEPLNHVEAERQRREKLNQRF 4 5 0
YALRAWPNVSKMDKASLLGDAISYITH-KSKLCNLESDKDGL QKQLEGV 500
KKELEKSSDNVSSNKTKHGGNSNIKSSNQALIDLDIDVKIIGWDAMIRIQ 55 0
CSKKNHPAARLMAALMELDLDVHHASVSWNDLMKXIATVKMGSRFYTQE 600  
QLRSALSAKVGDVR 61 4
Figure 4.1. Predicted amino acid sequences of PG1 and PG2. Amino acid sequences 
are indicated in single-letter code. The bHLH domain and the N-terminus domain that is 
similar to those of maize R and Antirrhinum DEL are underlined. The cloned PG1 cDNA 
consists of 192 bp 5’ untranslated sequence, 1929 bp coding sequence, and 238 bp 3’ 
untranslated sequence (not including poly A). The plasmid GB8-3 starts with the 387th 
amino acid residue (serine) of PG1. The cloned PG2 cDNA lacks the 5 ’ untranslated 
sequence and a N-terminus region. The cDNA has a 372 bp 3’ untranslated sequence 
(not including poly A).
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Figure 4.2. Comparison of bHLH domains among selected regulatory proteins in 
human, maize, Antirrhinum, bean, and Drosophila. Amino acid sequences are indicated 
in single-letter code. Identical or conserved amino acids that can be aligned between 
several species are indicated by consensus molecule below the sequence. Max and nMyc 
contain a leucine zipper motif that represent one continuous helix with the helix 2. Amino 
acid sequences are from human Max (23-96, Blackwood and Nisenman, 1991), human 
N-Myc (393-466, Kohl et al., 1986), maize Sn (418-480, Consonni et al., 1991), maize 
Lc (412-474, Ludwig et al., 1989), maize B (380-441, Radicella et al., 1991), 
Antirrhinum DEL (439-503, Goodrich etal., 1992), bean PG1 (458-522, this study), 
bean PG2 (430-494, this study), human MyoD (108-170, Davis eta l., 1987), human 
E47 (336-400, Murre etal., 1989), and Drosophila da (554-618, Caudy etal., 1988).
Table 4.1. Sequence Identity in the bHLH Domain Among the Plant bHLH Proteins. 
The amino acid sequences of the bHLH domain of maize Lc (416-470, Ludwig et al., 
1989), maize B (384-438, Radicella et al., 1991), Antirrhinum DEL (443-497, Goodrich 
etal., 1992), bean PG1 (462-516, this study), and bean PG2 (434-488, this study) are 
compared. Numbers are percentage of identical amino acids after alignment (Figure 4.2).
Lc B DEL PG1 PG2
Lc - 94.5 65.5 47.3 47.3
B 94.5 - 70.9 52.7 50.9
DEL 65.5 70.9 - 52.7 50.9
PG1 47.3 52.7 52.7 - 94.5
PG2 47.3 50.9 50.9 94.5 .
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F ig u re  4.3. Comparison of the conserved N-terminus domain among maize, 
Antirrhinum, and bean bHLH proteins. Amino acids are indicated in single-letter code. 
Identical amino acids that can be aligned among all the proteins are indicated by 
consensus molecule. Amino-terminal nuclear localization signal (NLS) of maize Lc is 
indicated by a line above the sequence. Amino acid sequences are from maize Lc 
(25-141, Ludwig et al., 1989), maize B (21-136, Radicella et al., 1991), Antirrhinum 
DEL (16-130, Goodrich e ta l., 1992), bean PG1 (71-184, this study), and bean PG2 
(6-116, this study).
T ab le  4.2. Sequence Identity in the Conserved N-Terminus Domain Among the Plant 
bHLH Proteins. The amino acid sequences of the N-terminus domain of maize Lc 
(25-141, Ludwig et al., 1989), maize B (21-136, Radicella et al., 1991), Antirrhinum 
DEL (16-130, Goodrich et al., 1992), bean PG1 (71-184, this study), and bean PG2 
(6-116, this study) are compared. Numbers are percentage of identical amino acids after 
alignment (Figure 4.3).
Lc B DEL PG1 PG2
Lc - 85.6 61.5 33.3 32.5
B 85.6 - 61.7 33.1 30.5
DEL 61.5 61.7 - 34.7 36.4
PG1 33.3 33.1 34.7 - 76.8
PG2 32.5 30.5 36.4 76.8 _
PG1 (boan)
PG2 (boan) 
C O N SE N SU S 
M OLECULE
Lc
B
DEL
PG1
PG 2
C O N SE N SU S
M OLECULE
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activity of the proteins. As shown in Figure 4.4, extracts containing the bHLH protein 
retarded the DNA probe derived from the B-phaseolin promoter (-295/-228) containing 
the G-box. Since the two major complexes formed with the extracts containing PG1 and 
PG2 migrated with different mobilities (Figure 4.4, lanes 3-4), a heterodimer, if  it is 
formed, between the two proteins may migrate with an intermediate mobility. However, 
no such heterodimer was detectable under the reaction conditions used (Figure 4.4, 
lane 5).
Specificity of the binding activity of the two proteins was studied with the use of 
unlabeled competitor oligonucleotides that either contain or lack the intact phaseolin 
G-box. Competitor DNA containing the intact G-box competed for the binding reactions, 
whereas competitor DNA containing mutated G-box had no detectable effect on the 
binding reactions (Figure 4.5B, lanes 2-6; Figure 4.5C, lanes 2-6). These results 
demonstrate that the two bHLH proteins bind specifically to the phaseolin G-box. Since 
consensus sequence for bHLH protein binding site is CANNTG, the two bHLH proteins 
were tested for their binding to oligonucleotides containing either CATATG or CACCTG 
derived from the B-phaseolin promoter (Kawagoe and Murai, 1992). These competitor 
oligonucleotides, however, had no detectable effect on the binding reactions (Figure 
4.5B, lanes 7-10; Figure 4.5C, lanes 7-10), suggesting that the bHLH proteins 
preferentially bind to the G-box sequence among the three E-boxes tested.
PG1 and PG2 are differentially expressed in plant organs. Northern blot analysis 
was performed using total RNA from leaves, fully opened flower buds, roots, and seeds 
at four developmental stages, heart (2.8-4.8 mm seeds), early cotyledon (5-8 mm), late 
cotyledon (8.5-11.5 mm), early maturation (12-15 mm) stages to determine expression
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Figure 4.4. PG1 and PG2 fusion proteins bind to the phaseolin promoter containing 
the G-box. 32P labeled fragment derived from the phaseolin promoter (-295/-228) was 
incubated with 10 |lg of crude protein extracts from E. coli. Lane 1, no protein; lane 2, 
pBluescript control; lane 3, the plasmid GB8-3 encoding a PG2; lane 4, the plasmid 
GB1-1 encoding a truncated PG1; lane 5, two extracts (7 fig each) from the GB8-3 and 
GB1-1 were incubated for 30 min prior to the addition of the DNA. Free (unbound) 
DNA and protein-DNA complexes are indicated by arrows. The protein-DNA complexes 
were resolved on a 4 % (w/v) non-denaturing polyacrylamide gel.
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F igure 4.5. Sequence-specificity of the PG1 and PG2 binding determined by 
competition assay with oligonucleotides. (A) Sequences derived from the phaseolin 
promoter are indicated by capital letters and positions relative to the transcription initiation 
site are shown in parentheses. CANNTG motifs are underlined. A mutant 
oligonucleotide CACGTGmhas three bases substitution at the G-box. (B) Extracts (22.4 
fig protein) of E. coli containing the plasmid GB8-3 encoding a truncated PG1 were 
incubated for 10 min with no competitor (lane 2) or with competitor s 0.2 or 1.0 pg as 
indicated (lanes 3-10). 32P labeled fragment derived from the phaseolin promoter 
(-295/-228) was added to the reaction mixtures and the reaction was allowed to continue 
for another 30 min. Free (unbound) DNA and protein-DNA complex are indicated by 
arrows F and C, respectively. Lane 1 represents a negative control in which no protein 
was added to the reaction mixture. The protein-DNA complexes were resolved on a 4 %
(w/v) non-denaturing polyacrylamide gel. (C) Extracts (9.8 pg protein) of E. coli 
containing the plasmid GB1-1 encoding PG2 were incubated as described in (B). Note 
that endogenous E.coli DNA binding proteins formed several minor retarded complexes. 
A PG2-specific complex is indicated by an arrow C.
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CACGTG ( - 2 6 8 / - 2 4 0 )  gagagaCTAAATGCCATGCAAAGCAA CACGTG CTTgagaga  
CACGTG gagagaCTAAATGCCATGCAAAGCAA CACTGT CTTgagaga
CACCTG ( - 1 7 2 1 - 1 4 6 )  gagagaCACCACAAC CACCTG TATATATTCATTgagaga  
CATATG ( - 1  0 6 / - 8 0 ) gagagaAACCTG CATATG CGTGTCATCCCATGCgagaga
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patterns of the PG1 and PG2 transcripts in the plant. The probe for PG1 detected mRNA 
of approximately 2.4 kb in size in all samples examined (Figure 4.6). Although the PG1 
mRNA accumulates to the highest levels in the root and seed at the heart stage, the result 
suggests that PG1 is expressed constitutively in the plant. In contrast, PG2 mRNA was 
most abundant in the root at approximately 2.4 kb in size (Figure 4.6). PG2 was 
expressed to low levels in the leaf and flower bud, and significantly low, but detectable 
levels in the seeds at the heart and early cotyledon stages.
D iscu ssion
The basic region/helix-loop-helix (bHLH) transcription factors have been found in 
diverse eukaryotes ranging from mammals to yeast (Murre et al., 1989; Cai and Davis, 
1990; Krause et al., 1990). These molecules form a variety of homo- and hetero-dimers, 
and are important in regulating metabolism, cell differentiation and development. The 
crystal structures of bHLH domains of Max (Ferre-D’Amare et al., 1993), E47 
(Ellenberger et al., 1994), and MyoD (Ma et al., 1994) with respective target DNA have 
provided a basis for understanding the diverse DNA binding properties of the three 
bHLH domains. Despite a limited sequence identity in the bHLH regions, the three 
complexes are remarkably similar. Each bHLH homodimer is described as a parallel,
left-handed, four-helix bundle, with each monomer containing two a-helical segments
separated by a loop. The bHLH proteins bind as a dimer to their recognition sequence by 
direct contacts between the a-helical basic region and the major groove. The conserved
cytosine-adenine base step in each half of the CANNTG (E-box) is contacted by an 
invariant glutamate in the a-helical basic region in all three cases. The orientation of the
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< -  2 .4  kb
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2 .4  kb
Figure 4.6. Expression pattern of PG1 and PG2 mRNAs. Total RNA was isolated 
form leaves (lane 1), fully opened flower buds (lane 2), roots (lane 3), and seeds at the
four developmental stages (lanes 4-7). Each lane contained 10 [ig of total RNA, and 
loading and blotting appeared equal when 18S and 25S ribosomal RNA bands were 
viewed after staining with methylene blue. The blot was hybridized with the cDNA probe 
encoding either PG1 or PG2 as indicated. The nitrocellulose filter was exposed to a X-ray 
film with an intensifying screen for 7d (PG1) and 3d (PG2).
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glutamate side chain is fixed by an invariant arginine located at the position 3 residues 
carboxy-terminal to the conserved glutamate. Together, this conserved glutamate/arginine 
pair constitutes an E-box recognition motif. Both PG1 and PG2 also contain the 
glutamate/arginine pair at the corresponding positions. Although bHLH proteins are 
collectively known for their binding to the CANNTG motif, each bHLH protein has a 
distinct base preference at the center of E-box. One class of bHLH proteins, including 
human Myc and Max, prefers CACGTG, whereas another class of proteins such as 
human MyoD and MyoD/E47 homo- and hetero-dimers prefer CAGCTG (Blackwell and 
Weintraub, 1990; Blackwell et al., 1990; Halazonetis and Kandil, 1991; Sun and 
Baltimore, 1991; Alex e ta l., 1992; Dang et al., 1992). Inspection of structural 
differences between Max and E47 or MyoD indicates that an amino acid located at the 
position 4 residues carboxy-terminal to the conserved glutamate determines the sequence 
preference at the center of E-box. Arginine (Max), valine (E47), and leucine (MyoD) 
occur at this position and help explain their sequence preference (Ferre-D’Amare et a l . , 
1993; Ellenberger et a l., 1994; Ma et al., 1994). Since both PG1 and PG2 contain 
arginine at the corresponding position as does Max, it is likely that their preferred 
sequence is CACGTG (G-box). This notion is consistent with the data from competition 
assay (Figure 4.5). Competitor oligonucleotides containing CACGTG, but not 
CACCTG or CATATG, competed for binding reactions.
Both maize R gene family (Consonni et al., 1993) and Antirrhinum del 
(Goodrich et al., 1992) are regulatory genes in anthocyanin synthesis. To our 
knowledge, these are the only bHLH genes that have been isolated from plants. As a first 
step to analyze possible functions of PG1 and PG2,1 compared amino acid sequences
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among the maize Lc (a member of R gene family, Ludwig et al., 1989), maize B 
(Radicella et al., 1991), Antirrhinum del (Goodrich et al., 1992), and PG1 and PG2 
genes. Table 4.1 shows percentage of amino acid identities in a region of 55 amino acids 
that constitute the bHLH domain, where sequences are most conserved. The PG1 bHLH 
domain shows 47 %, 53 %, and 53 % identities after alignment to those of Lc, B, and 
DEL, respectively. The PG2 bHLH domain, which is 95 % identical to the PG1 bHLH 
domain, has a similar identity to these bHLH domains. The sequence identity between Lc 
and DEL bHLH domains is much higher (66 %), suggesting a close genetic relationship 
between the two genes. Similar results were obtained with the N-terminus region, where 
sequence is moderately conserved (Table 4.2). The N-terminus region (71st-184th a.a.) 
of PG1 shows 33 % and 35 % amino acid identities to those of Lc/B and DEL, 
respectively. The sequence similarity between the Lc/B and DEL N-terminus regions is 
much higher (62 %). Considering the fact that maize is a monocot and that Antirrhinum 
and bean are dicots, these sequence comparison studies suggest that the PG1 and PG2 
genes are not the counterpart of del gene in bean and thus may not be involved in the 
regulation of anthocyanin synthesis.
The fact that the N-terminus and the bHLH domains are only the conserved 
regions in the protein suggests that the N-terminus domain has a functional role. It is 
important to note that amino acids at 100th-109th in the N-terminus domain of R (Lc) 
were identified as a nuclear localization signal (NLS), although this NLS alone is not 
sufficient to redirect proteins to the nucleus (Shieh etal., 1993). However, sequence 
comparison clearly indicates that the NLS is not conserved in Lc, B, DEL, PG1, and 
PG2 (Figure 4.3), suggesting that the presence of NLS in the N-terminus domain is not
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likely to have kept them similar. It has been proposed that the N-terminus domain of B 
protein directly interacts with C l, a myb-type transcription factor (Goff et al., 1992). It 
thus remains to be seen whether PG1 and PG2 interact with a myb protein through the 
conserved N-terminus domain and whether bHLH-myb pair is a commonly used strategy 
in the transcriptional regulation of a number of genes in plants.
Results of northern blot analysis suggest that PG1 is expressed constitutively in 
the plant. In contrast, PG2 is expressed primarily in the root. These results are 
consistent with the notion that PG1 and PG2 are not the counterpart of Antirrhinum del 
gene in bean, since del is expressed in a flower-specific manner. Although PG1 and PG2 
were originally isolated as phaseolin G-box binding proteins, their functions in vivo are 
not clear. However, it is likely that the PG1 and PG2 genes encode novel transcription 
factors, whose function is not directly involved in anthocyanin synthesis.
There are remarkable similarities between the molecular mechanisms underlying 
Drosophila neurogenesis and vertebrate myogenesis (Jan and Jan, 1993). Transcription 
factors that contain bHLH motif have been implicated in determining cell fate in these 
systems. For example, ectopic expression of any of four bHLH genes from the MyoD 
family (myoD, myf5, MRF4, and myogenin) induces muscle differentiation in transfected 
cells, whereas such expression from the achaete-scute complex (achaete, scute, asense, 
and I’sc) induces neural precursor formation in Drosophila. Both developmental systems 
utilize an ubiquitous positive cofactor (E12/E47 versus da) and a negative regulator (Id 
versus emc). Jan and Jan (1993) concluded that bHLH proteins as a group are suited for 
the specification of cell fate and no single member qualifies as the master regulatory gene.
The cotyledon is a part o f the embryo, but it is a terminally differentiated organ 
with many unique characteristics. Since a number of genes, including seed storage 
protein genes such as phaseolin, are expressed in a organ- and stage-specific manner, one 
might speculate on the existence of cotyledon-specific transcription factors that are 
required for cotyledon development and/or activation of the cotyledon-specific genes. To 
my knowledge, such regulatory genes have not been isolated from plants. The 
hypothesis that CAN may be a bHLH protein, and the cloning of the two bHLH cDNAs 
in this study raises a question as to whether or not bHLH proteins play a role in the
cotyledon development and the activation of the fi-phaseolin gene. Since the PG1 is
expressed constitutively in the plant, the function of PG1 could be similar to those of 
E12/E47 in mammals and da in Drosophila. If this is the case, one might further 
speculate on the existence of bHLH proteins that are expressed in a cotyledon-specific 
manner and interact with PG1. Alternatively, since PG1 and Myc have a similar binding 
preference (CACGTG), PG1 may be a functional homolog of Myc, which is present in 
nearly all cell types (Liischer and Eisenman, 1990). Although there is still no strong 
consensus as to the molecular function of Myc gene family, it is generally accepted that 
Myc is involved in cell proliferation, mitogenesis, and differentiation. Although the 
functions of PG1 and PG2 genes in plants remain largely unknown, the cloning of the 
PG1 and PG2 genes in this study provides a foundation upon which one can study 
similarities and differences in functions of bHLH genes between plants and animals.
CHAPTER 5 
CONCLUSIONS  
Summary and Evaluation of Experimental Results
Results presented in this dissertation provide significant new information on the 
transcriptional regulation of the fi-phaseolin gene. In the first part of this dissertation, I 
characterized four distinct DNA binding proteins that interact with the phaseolin proximal 
promoter. Three CANNTG motifs, CACGTG (-248/-24S), CACCTG (-163/-158), and 
CATATG (-100/-95), were identified as target sequences of the DNA binding protein 
CAN. Abundant DNA binding protein AG-1 appears to be present not only in seeds but 
also in leaves, although the proteins may not be encoded by a single gene. In the second 
part, c/s-activities of the CAN and AG-1 binding sites were systematically analyzed by 5’ 
deletion and substitution mutations. The effect of various mutations were analyzed by a 
transient gene expression assay in protoplasts isolated from cotyledons at the early 
cotyledon stage. The phaseolin G-box was found to be a major positive c/s-element. 
Furthermore, the results indicate a synergism between the G-box and the CACCTG 
motif. AG-1 binding sites also were identified as major positive (-191/-182) and negative 
(-376/-367, -356/-347) cis- elements. These results underscore the complexity of the 
organization of the B-phaseolin promoter.
Finally, I constructed a cDNA expression library from bean seeds at the early 
cotyledon stage. The library was screened for proteins capable of binding to an 
oligonucleotide containing the phaseolin G-box. Three positive clones were identified on 
the basis of binding activity of the proteins expressed in E. coli to the DNA probe. DNA 
sequencing analyses indicate that the three cDNAs encode two different
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proteins, termed PG1 and PG2, that belong to the basic region/helix-loop-helix (bHLH) 
protein family. Gel mobility shift assays with competitor oligonucleotides indicate that 
the two proteins bind to the CACGTG (G-box) motif and do not bind to the other two 
phaseolin E-boxes. Northern blot analysis showed that PG1 is expressed constitutively 
in the plant, whereas PG2 is expressed primarily in the root.
In  vitro transcription assays using nuclei isolated from seeds at various 
developmental stages show that transcription of globulin gene expression is activated and 
repressed during embryogenesis, although posttranscriptional regulations are also 
implicated for the regulation of globulin synthesis in seeds (Chappell and Chrispeels, 
1986; Walling etal., 1986; Harada et al., 1989; Nielsen et al., 1989). Gene transfer 
studies have shown that the 5 ’ region of globulin genes contains sufficient information to 
confer developmentally regulated expression upon a bacterial gene encoding for the 
enzyme B-glucuronidase (GUS) in transgenic plants (Bustos et al., 1989; Bustos et al., 
1991a; Chamberland et al., 1992; Lessard et al., 1993; Sen et al., 1993; Fujiwara and 
Beachy, 1994). Together, these results indicate that globulin gene expression is regulated 
primarily at the transcriptional level.
Despite intensive studies on the transcriptional regulation of globulin genes from 
legume plants, little is known about molecular mechanisms by which the globulin genes 
are expressed in a organ- and stage-specific manner. It is generally accepted that DNA 
methylation can stably repress transcription in mammals (Bird, 1992). In plants, 
however, DNA methylation mutants in Arabidopsis thaliana do not exhibit adverse effects 
on plant development or viability (Vongs etal., 1993). Nevertheless, several studies 
indicate that transcriptional inactivation in plants is sometimes accompanied by DNA
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methylation (Meyer and Heidmann, 1994; Meyer etal., 1994). In soybean, methylation 
states of DNAs isolated from seeds at various developmental stages and leaves were not 
distinguishable using a DNA probe derived from the glycinin gene, which is expressed in 
a seed-specific manner (Walling et al., 1986). These results may suggest that methylation 
does not play a major role in the transcriptional regulation of the globulin genes.
In common bean, cotyledon nuclei are generally two to three times larger than leaf 
nuclei and more dispersed (Murray and Kennard, 1984). This difference is, in part, due 
to the fact that cotyledon nuclei are polyploid to varying extent. Comparisons of 
nucleosome periodicity in leaf and cotyledon nuclei have shown that the average 
nucleosome repeat length differs in the two tissues (Murray and Kennard, 1984). The 
average unit repeat length is 191 + 6 bp in leaves and 177 + 7 bp in cotyledons. It was 
thus hypothesized that the alteration of chromatin structure resulting, in part, from 
extensive DNA endoreduplication in the cotyledons plays a role in the transcriptional 
regulation of phaseolin gene. Since studies in animal systems indicate that chromatin 
structure plays a significant role in the transcriptional regulation of a number of genes 
(Felsenfeld, 1992; Morse, 1992), detailed analyses on changes in nucleosome spacing in 
the cotyledons in relationship to phaseolin gene activation are clearly needed.
Although phaseolin is the major protein in bean seed, there are considerable 
differences in the amount of phaseolin produced among cultivars, which are believed to 
be associated with different phaseolin alleles (Mutschler et al., 1980; Gepts and Bliss, 
1984). Furthermore, lines homozygous for a recessive phaseolin-deficient allele (phas-), 
isolated from the Phaseolus coccineus cv. Mexican Red Runner, produce no detectable 
amounts of phaseolin in the seeds (Gepts and Bliss, 1884; Delaney and Bliss, 1991).
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Despite the lack of phaseolin accumulation, there is neither visible shriveling of mutant 
seeds nor significant decrease in seed weight (Burow et al., 1993). The discovery of the 
phas- mutant has several implications for the roles of phaseolins in the plant. First, 
phaseolin fraction, the major seed protein, is not required for seed germination nor 
seedling growth. Second, the development of cotyledons does not require the 
accumulation of phaseolin, although the intracellular structure of mutant cotyledons has 
not been rigorously studied. It is conceivable that phaseolin accumulation in the 
cotyledons could be advantageous for plants to survive in the natural environment. It 
appears, however, that phaseolin accumulation is not essential to plant growth and 
development.
The molecular basis for the phas- mutant is largely unknown. However, the fact 
that phas- phenotype segregates as a single genetic locus (Burow et al., 1993) suggests 
two possibilities. One possibility is that the phaseolin  genes were deleted from the 
chromosome. Since the phaseolin genes consisting of six to eight genes per haploid 
appear to be closely linked (Brown et al., 1981), deletion event(s) resulted in the phas- 
could have been simple. The other possibility is that a mutation occurred on a regulatory 
gene that is required for phaseolin accumulation. The putative regulatory gene product 
may act at the transcriptional level or posttranscriptional levels. It is also possible that the 
regulatory gene may play a role in signal transductions that lead to the activation of the 
fi-phaseolin gene. If this is the case, it is conceivable that signal transduction pathways 
that lead to cotyledon development and phaseolin accumulation are unrelated or branched 
at an early step in a common signal transduction pathway.
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Some members of the bHLH protein family in animals are involved in 
determining cell fates. The vertebrate MyoD family (myoD, myf5, MRF4, and 
myogenin) induces muscle differentiation in transfected cells, whereas achaete-scute 
complex induces neural precursor formation in Drosophila (Davis et al., 1987; Villares 
and Cabrera, 1987; Weintraub e ta l., 1991; Jan and Jan, 1993). In plants, however, 
isolated bHLH genes reported to date are regulatory genes in anthocyanin biosynthesis 
(Dooner etal., 1991; Consonni e ta l., 1993; Goodrich eta l., 1992). Since pigmentation 
in plants is not always tissue-specific, there is little correlation between pigmentation and 
cell differentiation. Furthermore, mutations on these regulatory genes have drastic effects 
on pigmentation in tissues where anthocyanins are normally synthesized but no 
significant effect on differentiation in these tissues. However, recent studies showed that 
a functional homolog of maize R gene, TTG, has been implicated in determining trichome 
development in Arabidopsis (Larkin et al., 1994). The trichomes of Arabidopsis are 
unicellular hairs that are found on leaves, sepals, petioles, and stems. Trichome cells 
represent one of several possible epidermal cell types, which include unspecialized 
epidermal cells, stomatal guard cells, and root hairs. Although the 7TG gene has not 
been isolated from Arabidopsis, these studies on trichome development suggest the 
involvement of bHLH proteins in cell differentiation in plants.
The functions of PG1 and PG2 genes remain largely unknown. However, 
several lines of evidence suggest that these genes are not directly involved in anthocyanin 
synthesis. It remains to be seen whether PG1, which is constitutively expressed in the 
plant, is a functional homolog of the Arabidopsis TTG, which acts in concert with a myb 
gene (GL1) to regulate the initiation of trichome development (Larkin et al., 1994).
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Since PG2 is expressed primarily in the root, PG2 may be involved in root development. 
It is important to note that the trichome and root hair represent two cell fates of epidermal 
cells. One might thus speculate on the possibility that PG2 may be involved in the 
initiation of root hair development.
F u tu re  Research
Since the cotyledon is a terminally differentiated organ, one might speculate on the 
existence of master regulatory genes that are required for cotyledon growth and 
development. It is unlikely that PG1 and PG2 are such master regulatory genes, since 
their expressions are not seed-specific. Nevertheless, since these genes are the first 
isolated bHLH genes from plants whose function is not implicated for regulation of 
anthocyanin synthesis, further studies on PG1 and PG2 are clearly needed to understand 
molecular functions of bHLH genes in plants. Although PG1 and PG2 were originally 
isolated as phaseolin G-box binding proteins, it remains to be seen whether PG1 and 
PG2 interact with the phaseolin G-box in vivo. And if so, what effect does the 
interaction have on phaseolin transcriptional regulation?
Based on the results of DNA-protein binding assays, it was hypothesized that 
CAN belongs to the bHLH protein family (Kawagoe and Murai, 1992). Results of 
competition assays suggest that CAN does not distinguish the three phaseolin E-boxes 
under the reaction conditions used (Kawagoe and Murai, 1992). However, PG1 and 
PG2 bind to the CACGTG and do not bind to the other two phaseolin E-boxes. It is thus 
unlikely that CAN is encoded by PG1 and PG2 genes. It is possible, however, that PG1 
dimerizes with another bHLH protein, resulting in a protein that behaves like CAN. The 
cDNA cloning method utilized in this study can not isolate cDNAs encoding CAN if it
72
binds DNA as a heterodimer. If this is the case, protein purification from the cotyledon 
nuclei may be necessary to obtain information that can lead to cDNA cloning. 
Alternatively, PCR cloning may be used to isolate other bHLH genes, which may include 
cDNAs encoding CAN. DNA sequences of PG1 and PG2 will provide substantial 
information upon which one can design oligonucleotides for PCR primers.
Much of the focus in this dissertation has been on CAN and the three E-boxes. 
Several lines of evidence, however, indicate that AG1 and the binding sites play a role in
the transcriptional regulation of the (3-phaseolin gene. An initial attempt to isolate cDNA
encoding AG-1 from a cDNA expression library resulted in the isolation of cDNAs 
encoding a RNA binding protein (see APPENDIX A). It has been hypothesized that 
AG-1 belongs to the high mobility group (HMG) protein family (Grasser et al., 1993; 
Tjaden and Coruzzi, 1994). HMG proteins represent a family of abundant chromosomal 
nonhistone proteins. Although the function of HMG proteins are still largely unknown, it 
is generally accepted that the HMG domain has a major structural role in the bending or 
looping of DNA (Lilley, 1992; Pil et al., 1993). It remains to be seen whether the 
involvement of AG-1 in phaseolin transcriptional regulation is mediated by the alteration 
of chromatin structures in the cotyledons.
The function of CA-1 and the binding sequences remain unknown. However, 
existence of apparently similar proteins have been reported in soybean seed (Allen eta l., 
1989). Substitution mutation of the protein binding site did not have a significant effect
on the promoter function of the fi-congtycinin gene (Lessard et al., 1993; Fujiwara and 
Beachy, 1994). It is interesting to speculate on the possibility that the CAN/CA-1 pair is
one of many bHLH/myb pairs that regulate a large number of genes in plants. Although 
the transcriptional regulation of the jS-phaseolin gene is one o f the most characterized
systems in plants, continuous searches for putative transcription factors are clearly 
needed.
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APPENDIX A
BEAN-RNP1, A NUCLEAR-ENCODED CHLOROPLAST 
RNP-80 PROTEIN, BINDS TO A 21 NT THYMINE-RICH  
SINGLE-STRANDED DNA*
Introduction
Several families of RNA-binding proteins have been identified based on common 
sequence motifs implicated in RNA binding. One class of RNA-binding proteins 
contains one or more copies of a characteristic ribonucleoprotein consensus sequence, 
designated RNP-80 or RNP consensus RNA-binding domain (CS-RBD) (1-4). The 
three dimensional structure o f the RNP-80 motif of U 1 A protein was independently 
determined by X-ray crystallography (5) and NMR techniques (6). The RNP-80 motif 
contains four B-strands which form an antiparallel ft sheet that packs against two
a-helices in a compact folded structure (Baftftaft). Other proteins containing RNP-80
appear to contain a similar tertiary fold. The U l-A  protein interacts specifically with 
stem-loop II of U1 RNA (7, 8), and a loop connecting B2-B3 o f U l-A  RNP-80 
determines its binding specificity (8). However, the B2-B3 loop does not always 
determine binding specificities in various RNP-80 proteins (1, 2). Although the structure 
of the RNP-80 is of fundamental importance, structures have not been able to provide
‘This study was submitted as a paper entitled “Bean-RNPl, a nuclear-encoded chloroplast RNP-80 
protein, binds to a 21 nt thymine-rich single-stranded DNA” by Yasushi Kawagoe, Eric C. Achberger, 
Sue G. Bartlett, and Norimoto Murai.
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sufficient information about how RNP-80 proteins bind their respective target RNAs. 
Thus, membership in the RNP-80 family is not of itself predictive of the mode by which 
any single protein binds to RNA (2, 3).
Nuclear-encoded chloroplast RNP-80 genes have been cloned by four different 
methods. These involved screening cDNA libraries with degenerate oligonucleotide 
probes deduced from N-terminal amino acid sequences (9, 10), screening cDNA 
expression libraries with either an antibody raised against a mRNA 3'end binding protein 
(11) or double-stranded DNA probes (12, 13), and finally a PCR-assisted method with 
degenerate primers (14). Common features shared among these proteins include the 
presence of an N-terminal chloroplast transit peptide and a small acidic domain followed 
by two copies of the RNP-80 domain. Five nuclear encoded RNP-80 genes have been 
isolated from tobacco, suggesting multiple roles of RNP-80 proteins in plastids (9, 10). 
A phylogenetic tree constructed based on sequence similarities suggested that the diversity 
of the five tobacco RNA-80 proteins was generated through a series of gene duplications 
rather than alternative pre-mRNA splicing (10). The function(s) of chloroplast RNP-80 
proteins in plastids is not well understood. However, depletion o f the spinach 28RNP 
together with several other proteins from chloroplast extracts inhibited mRNA 3'end 
processing, suggesting that the 28RNP may have interacted with nuclease(s) (11). 
RNP-80 proteins are also believed to be involved in intron splicing and mRNA stability 
(9, 11).
Although some evidence indicates that chloroplast RNP-80 proteins can bind 
nucleic acids (12, 13, 15), little is known about binding specificities of each RNP-80
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protein. It was suggested that the spinach 28RNP recognizes structural components that 
are common to some mRNA 3'ends rather than mRNA primary sequence (11). In 
contrast, three tobacco RNP-80 proteins, cp28, cp31, and cp33, were shown to bind 
preferentially poly(U) and poly(G) (15). In addition, binding affinities of the tobacco 
proteins for double-stranded calf thymus DNA were higher than those for the single­
stranded DNA at 0.1 M NaCl (15). However, since these studies provided indirect 
evidence for binding preference of chloroplast RNP-80 proteins, further investigation is 
needed to determine relative affinities of the RNP-80 proteins for RNA versus DNA and 
for single- versus double-stranded nucleic acids.
In this study we have cloned a nuclear-encoded chloroplast RNP-80 gene, 
designated bean-RNPl, from a bean cotyledon cDNA expression library with a double­
stranded DNA probe. In order to obtain insights into the molecular basis for the 
interaction between bean-RNPl and the DNA probe, we prepared a fusion protein 
consisting of bean-RNPl and E. coli maltose binding protein and performed a series of 
binding studies with the purified fusion protein. SI nuclease footprinting assays were 
used to determine the nucleotide binding sequence of bean-RNPl. Based on the results 
of this study possible roles of bean-RNPl in chloroplast are discussed.
Materials and Methods
Total and poly (A)+ RNA isolation and cDNA expression library construction. 
Total RNA was isolated from developing cotyledons of common bean (Phaseolus 
vulgaris L. cv. Contender) by a modified hot-phenol method (16, 17). Eight ml of 
phenol was frozen with liquid nitrogen and homogenized to a fine powder. Three grams
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of cotyledons were homogenized with the phenol powder for 6 min. Eight ml of lysis 
buffer consisting of 0.1 M Tris-HCl (pH9.0), 0.1 M LiCl, 10 mM EDTA, 1% (w/v) 
SDS, 1% (w/v) polyvinylpyrrolidone, 1% (v/v) B-mercaptoethanol was added to the 
powder. The homogenate was incubated in a 65 °C water bath for 10 min and then 
placed on ice. The homogenate was transferred to a 35 ml centrifuge tube and four ml of 
chloroform:isoamylalcohol (24:1, v/v) was added, followed by a vortex for 20 sec and 
centrifugation at 23000g for 10 min. The supernatants were sequentially extracted with 
phenol:chloroform:isoamylalcohol (25:24:1, v/v/v) and chloroformtisoamylalcohol (24:1, 
v/v). Nucleic acids were precipitated in 0.3 M sodium acetate (pH5.2) and 2.5 volumes 
of ethanol at -20 °C. The pellet (23000g, 15 min) was washed with 2 M LiCl and was 
redissolved in 0.4 ml of 0.2 M potassium acetate. The solutions were incubated on ice 
for 10 min and at 55 °C for 10 min. Insoluble materials were sedimented by 
centrifugation at 17000g for 10 min. The supernatant was transferred to new tubes and 
RNA was precipitated in 2.5 volumes of ethanol at -20 °C. Poly (A)+ RNA was purified 
using an oligo (dT) cellulose column (Stratagene). A cDNA library was constructed with 
the ZAP-cDNA Synthesis kit (Stratagene) according to the manufacturer's directions. 
The primary cDNA library consisting of 1.0 X 105 p.f.u. was amplified and stored at 
4 °C.
Screening cDNA expression library with oligonucleotides. Cloning of a putative 
DNA binding protein from the cDNA library was conducted according to standard 
protocols (18) with the following modifications. Binding buffer consisted of 12 mM
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Tris-Cl (pH7.7), 5 mM MgCl2, 60 mM KC1, 20 mM HEPES (pH8.4). Two 
oligonucleotides containing a putative AG-1 binding site (19), TGCGCAAGAAAAAG 
ACAAAGAACAAAGAAAAAAGACAAA and CTGTTTTGTCITTTTTCTTTGTTCTT
TGTCTTTTTC, were annealed and 3'end labeled with [«32p]dATP and [a32P]dTTP
using the Klenow fragment. The DNA probe (1.9 X 107cpm) and sonicated calf thymus 
DNA (250 pig) were added to the binding buffer (40 ml) and used to screen 3 x 105 p.f.u. 
Plasmids were generated from positive clones by in vivo excision according to the 
manufacturer's directions (Stratagene). Single-stranded DNA was isolated and used as 
template for sequencing reactions using Sequenase (USB). A set of 5'deletion mutants 
was generated with exonuclease III and mung bean nuclease according to the 
manufacturer's directions (Stratagene).
In vitro synthesis and transport to the chloroplast. The 1.25 kb Xhol fragment 
containing the entire coding sequence for bean-RNP was subcloned into the Xhol site of 
a derivative of pSP65 (Promega). The plasmid was linearized with Hindlll and capped 
mRNA was transcribed from the SP6 polymerase promoter using a kit from Ambion. 
Approximately 3 |lg of mRNA was translated in vitro in a wheat germ extract (Ambion) 
using [35S]methionine (ICN).
Romaine lettuce was purchased from a local market. Chloroplasts were isolated 
on Percoll gradients and used in in vitro transport assays (20). Samples from the stroma 
were separated by SDS-PAGE and gels were subjected to fluorography.
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Purification o f a MBP-bean-RNP fusion protein from  E. coli. The 1.25 kb Xhol 
fragment was inserted into the Sail site of pMal-cRI (New England BioLabs). The
MBP-bean-RNP and MBP-B-gal-a, which is encoded in the Pmal-CRI vector, were
expressed in E.coli strain XLl-Blue (Stratagene) and purified from soluble proteins 
according to the manufacturer's directions. Concentrations of purified proteins were 
determined by the Bradford method (Bio-Rad) using BSA as a standard. The purified 
proteins were stored in a buffer consisting of 10 mM phosphate (pH7.2), 0.5M NaCl, 1 
mM sodium azide, 10 mM B-mercaptoethanol, 1 mM EGTA, 10 mM maltose at 4 °C.
Gel mobility shift assays with the purified fusion protein. A Nsil/Dral fragment 
(-391/-228) of the phaseolin promoter, including the sequence (-384/-346) used for the 
oligonucleotide probe, was cloned into the PstI and Smal sites of pUC18. Three types of 
116 bp DNA probes were generated by 3'end labeling with Klenow fragment at the 
Hindlll and/or Bell sites. DNA probes were purified from 8 % (w/v) nondenaturing 
polyacrylamide gel. Gel mobility shift assays were performed as described (19) with the 
following modifications. Final incubation buffer contained 8 mM Tris-Cl (pH7.7), 13 
mM HEPES (pH8.4), 8 % (v/v) glycerol, 100 mM NaCl, 0.05 mg/ml poly(dl)-poly(dC) 
(Pharmacia), 10 kepm DNA probe (approximately 10 fmole), and purified proteins. 
After 30 min incubation, reaction mixtures were loaded on 7 % (w/v) polyacrylamide 
gels. Gels were dried on 3MM paper and exposed to X-ray films for one to three days.
SI nuclease footprinting assay. The DNA probe was 3'end labeled at the Hindin 
site as described above. Single-stranded DNA was generated with heat denaturation and
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subsequent quick chilling on ice. The probe was used without further purification. The 
DNA probe (100 kcpm) was mixed with proteins and incubated for 30 min in 30 |il of the 
binding buffer. Then 90 (il of SI nuclease buffer consisting of 100 mM NaCl, 50 mM 
sodium acetate (pH 4.5), 4.5 mM ZnSC>4 , 20 pg/ml ssDNA (Salmon testes DNA, 
Sigma), and 22.2 units/ml SI nuclease (Pharmacia) were added to the reaction mixtures. 
After a further 10 min digestion at 25 °C, the reaction was stopped by adding 30 pi stop 
solution consisting of 4 M ammonium acetate, 50 mM EDTA, and 50 pg/ml tRNA, 
followed by extractions with phenol/chloroform and chloroform. After ethanol 
precipitation, the DNA fragments were dissolved in a gel loading solution consisting of 
40 % (v/v) formamide, 8 mM EDTA, 0.02 % (w/v) bromophenol blue, and 0.02 % 
(w/v) xylene cyanole. DNA fragments were separated in an 8 % (w/v) sequencing gel. 
DNA sequence ladders obtained from pBluescript SK(-) ssDNA with a reverse primer 
were used as size markers.
R esults
The structure o f  a putative bean-RNP protein as deduced from  the cDNA 
sequence. Seven positive clones were detected by 1° screening. Four, two, and one 
clones contained 1.25 kb, 1.13 kb, and 0.94 kb fragments, respectively. DNA sequence 
analyses revealed that the 1.13 kb and 0.94 kb fragments were truncated versions of the 
1.25 kb fragment. The DNA sequence of the 1.25 kb fragment is shown in Figure A.I. 
Translation of the cDNA sequence into a putative protein sequence revealed an open 
reading frame (ORE) of 287 amino acid residuess with an estimated molecular weight of
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-1 5  TTTCATCATCACAAC
1 ATG GCT GCT ACT GCT GCA GGC ATAGCT TCA TTG TTT TCT TCT TCC ATT AAC AGT GTC AAA 
M A A T A A G I  A S L F S S S t  N S V K 2 0  
CHLOROPLAST TRANSIT PEPTIDE
61 TGT CTT CGT TCC AAG CAC TGC TCC ATG ATG GAT CCC CTT ATG AC A GCA ATG CTG TCA AAC 
C L R S K H C S M M D P L M T A M L S N 4 0
121 CGT ATC TTT GCA CCT GIG TCA CAC TTG GTG GTG GAACCT TTG TCC ATC GGA GGT ACC ACA 
R I F A P V S H L V V E P L S I  G G T T 6 0
1 81 TCG CAT AGG TTG TGG GSS CCT AGA ATT TCT GCT GCT GTT GCA CAAGAA GAS GTG GTT GTT 
S H R L W G P R  I S A A V A Q E E V V V 8 0
+  1
241 GTG GAT GAT GCT GGT TTG GTT GAA GAA GAS AAAGTG GAG GAS AAT GAA GSG GAS GAA GTG
V D D A G L  V E E E K V E E N E G E E V  100
301 GTG GCA GAA CAA GAC TCA GAT GAA TCC TTT GCT AGC ACC AAG CTT TAT TTT GGG AAT TTG
V A E Q D S D E S F A S T  K L Y F G N L 120
RNP-80 MOTIF #1
361 CCT TAT AGT GTT GAT AGT GCC AAACTT GCA GGG CTA ATT CAG GAC TAT GGT AGT GCA GAA
P Y S V D S A K I - A G L I  Q D Y G S A E  140
421 CTA ATT GAG GTT CTT TAC GAC AGG GAC ACT GGA AAAAGT AGAGQS TTT GCA TTT GTG ACA
L I  E V L Y D R D T G K S R G F A F V T  160
481 ATG AGT TGC ATT GAA GAC TGT AAT GCA GTA AT A GAA AAT CTT GAC GGA AAAGAATAC CTG
M S C I  E D C N A V I  E N L D G K E Y L  18 0
541 GQS AGA ACC TTG AGG GTG AAC TTC TCT AAC AAACCA AAA.GCA AAAGAA CCC TTG TAC CCT
G R T  L R V N F S N K P K  A K E P L Y P 200
601 GAA ACT GAA CAT AAG CTC TTT GTT GGG AAT CTG TCA TGG TCA GTA ACT AAT GAS ATT TTG
E T E H K L  F V G N L S W S V T N E I  L 2 20
RNP-80 MOTIF #2
661 ACA CAA GCC TTT CAAGAA TAT GGA ACA GTG GTT GGA GCT ASG GTC CTA TAT GAT GGA GAA
T Q A F Q E  Y G T  V V G A  R V L Y D G  g  2 40
721 ACT GGA AGG TCA CGT GGC TAT GGC TTT GTT TGC TTT TCA ACA AAAGAA GAS ATG GAA GCT
T G R S R G Y G F V C F S T K E E M E A  260
781 GCC CTT GGA GCC TTG AAT GAT GTG GAA CTA GAA GGA GGG GCT ATG CGT GTG AGT TTG GCT
A L G A L N D V F .  L F - G R A M R V S L  A 280
841 GAA GGA AAACGT GCA CAA GGC TAATAGAAAGTGGGGAAGTATGAGATGTGAGATGTTGAACAATG
E G K R A Q G • * * 28 7
9 0 6  GTGCCATAGAAATGAGAAGAGGATGCTAGCATACCAGCCATGATGCACTTAACTGCTGCAATCTGCTGAG
9 7 6  GAATTCCTTTTCATCTCTTGTGGTGTATTATTGTATAAATTATTTACTCCCATTTTCAAAAGTTCTGCTGA
1 0 4 7  CCCG AATGCTGTTG TA TTGTGTTTAACATTTTTTG CTG ATA CTA CTA ACATTGCCCA ATA CATTGCTTCG T
1 1 1 8  TCTTCACTTGCAGAGTTTTGA ATCACGCA CA CTTA CTCTAA TGTAATTTGTTATGAG AA ATTTGG CACCTG
1189 AAGGTGTGAAGTTTCATACCATAATAAAATGCAACTTTAAAAAAAAAAAAAAAAAAA
F igure  A .I. Nucleotide and deduced amino acid sequences of bean-RNPl. The amino 
acid sequence marked by bold letters denotes the putative chloroplast transit peptide. A 
conserved cleavage site motif ISAA (23) is underlined. Acidic amino acids in the 
N-terminus of the mature protein are indicated by asterisks. Two RNP-80 motifs are 
underlined.
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31.2 kD. The two truncated cDNAs, 1.13 kb and 0.94 kb, start with Leu (33rd a.a.) and 
Glu (98th a.a.), respectively. The N-terminal region of about 70 amino acids is rich in 
serine and has a net positive charge, showing properties characteristic of chloroplast 
transit peptides (21, 22). A conserved cleavage site motif, ISAA (23), is also found from 
amino acid residues 69 to 72. The putative cleavage site is followed by a sequence rich in 
acidic amino acids.
A search of the EMBL database indicated that the putative ORF could encode a 
protein that shares sequence similarity to chloroplast RNP-80 proteins. These include the 
five chloroplast RNPs of tobacco (Nicotiana sylvestris)(9, 10), the 28RNP of spinach 
{Spinacia oleracea) (11), and the RNP-T of Arabidopsis thaliana (12, 24). The putative 
nucleic acid binding protein was thus designated bean-RNPl. The conserved region of 
bean-RNPl was compared to four RNP-80 proteins from distantly related plants: tobacco 
cp33 (9); spinach 28RNP (11); maize NBP (13); Arabidopsis RNP-T (12) (Figure A.2). 
Two RNP-80 motifs of bean-RNPl showed 46 % to 48 % sequence identities in amino 
acid levels to corresponding regions of the four proteins, indicating that bean-RNPl 
represents a new type of chloroplast RNP-80 protein. In contrast, spinach 28RNP, 
maize NBP, and Arabidopsis RNP-T showed 79 % to 82 % identities to each other, 
whereas tobacco cp33 showed 42 % to 46 % identities to the rest of proteins. These 
results suggest that duplication of RNP-80 protein gene took place at least twice, 
generating three types of RNP-80 gene, which can be represented by bean-RNPl, 
tobacco cp33, and the three RNP-80 genes from maize, spinach, and Arabidopsis. In 
addition, strong sequence identities among maize NBP (monocot), spinach 28RNP
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R NP-80 m otif #1
1 0 2 0 3 0 4 0 5 0 6 0
Bean-RNPl 1 1 4 K L Y F G N L P Y S V D S A K L A G L I Q D Y G S A E L I E V L Y D R D T G K S R G F A F V T M S C I E D C N A V I  E N
Tobacco cp33 11 5 r . . V -  • • • F -  M T - S O -  S E l  F A E A -  T V A N V -  I V-  - - V- D R .......................... - - G S  V • E A K E A -  RL
Spinach 28RNP 5 6 • • F V ................. D -  - - E -  .  .  .  | F D A A -  V V -  I A-  • I - N-  E - DR - - - - G-  • - - - T V -  E A E K A V -  L
Maize NBP 1 2 6 - V -  V ................. D -  - - E R - - Q - F D Q A - V V - V A - - I - N-  E - D Q . .  . .  G-  - - - - T V -  E A E K A V - M
A.thaliana RNP-T 151 . . p V-  - - A -  D -  N- Q A - - M - F E Q A - T V - I A - - I - N-  E - D Q . .  . .  G-  - - - - S V D E A E T  A V -  K
7 0 60 9 0 10 0 1 1 0
Bean-RNP1 1 74 L D G K E Y L G R T L R V N F S N K P K A K E P L Y P E T E H . . . . K I F V G N L S  WS  V T N E I L T Q A F
Tobacco cp33 1 75 F - - S Q V G -  • • V K - - - P E V -  R G G - R E V M S A K I R S T Y Q G - - Y - A- - - - A L -  S Q G - R D -  -
Spinach 28RNP 1 16 - N-  Y D M D -  - Q-  T - - K A A P R G S P - R A P R G D F ................. R V Y -  - - - P -  D-  D T S R - E -  L •
Maize NBP 1 86 F H R Y D V N -  • L - T - • K A A P R G S R V D R P - R Q S G P S L . Rl  Y -  - - . p .  Q-  D D S R - V E  L -
A.thaliana RNP-T 21 1 F N R Y D L N - - L - T - - K A A P R G S R P E R A - R V Y E P A F . R V Y - - - - P -  D-  D-  G R - E-  L -
RNP-80 m otif #2
12 0 1 30 1 4 0 1 5 0 16 0 1 70
Bean-RNP1 2 2 5 Q E Y G T V V G A R V L Y D G E T G R S R G Y G F V C F S T K E E M E A A L G A L N D V E L E G R A M R V S L A E G K R
Tobacco cp33 2 3 2 A O Q P G F M S - K - I • • R S S --------- - F -  - I T -  • S A -  A-  N S - - D T M -  E -  - - - - - P L -  L N V - G Q -  A
Spinach 28RNP 1 6 6 S -  H -  K - - S - - - V S • R ..................... - F -  - • T M -  S E S -  V N D- I A - - D G O T • D -  .  - V -  - N V - - E R P
Maize NBP 2 4 0 S -  H-  K -  - D -  - - V- - R ..................... . F -  • - T M A S D D -  I D D - t A - - D G Q S - D-  - - L - - NV - - E R P
A.thaliana RNP-T 2 65 S -  H -  K-  - E -  - - V - - R ..................... . F -  - - T M -  D V D -  L N E - I S - - D G Q N - N V - - E R P
• • • • • . • • • • • • • • • •
Figure A.2. A comparison of amino acid sequences of two RNP-80 motifs encoded by 
bean-RNPl and four related genes. The amino acid sequences encoded by tobacco cp33 
(9), spinach 28RNP (11), maize NBP (13), and Arabidopsis RNP-T (12) were compared 
to the sequence of bean-RNPl (this study). Two RNP-80 motifs are boxed. Gaps were 
not introduced to optimize sequence alignment in the RNP-80 motifs and short linkers 
connecting the two RNP-80 motifs. Dashes denote amino acid identity with bean-RNPl. 
Conserved amino acids shared among the five proteins are indicated by asterisks below 
the sequence.
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(dicot), and Arabidopsis RNP-T (dicot) imply that the two gene duplications took place 
long before monocots and dicots diverged.
In vitro transport ofbean-RNP to the chloroplast. Results of the in vitro transport 
assay show that the bean-RNPl translation product is translocated into chloroplasts and 
processed to a polypeptide of approximately 25 kD (Figure A.3). Over 60% of the 
methionines in bean-RNP are located in the transit sequence and so the 25 kD polypeptide 
appears faint in the fluorograph. Utilization of the predicted cleavage site by the 
processing protease would result in a 24 kD polypeptide. It is possible that a cleavage 
site other than that shown in Figure A .l is utilized by the processing protease. 
Alternatively, since bean-RNPl is highly charged, it may migrate anomalously during 
SDS-PAGE separation. The presence of a polypeptide slightly larger than 25 kD 
suggests that the precursor of bean-RNPl is processed in two steps in the chloroplast 
stroma.
Fusion protein purification. The 287 amino acid residues of bean-RNPl plus 7 
amino acid residues at the N-terminus were fused downstream of the maltose binding 
protein (MBP), creating a 74 kD MBP-bean-RNP fusion protein. The fusion protein and
a 52 kD MBP-B-gal-a encoded in the pMal-cRI vector (New England BioLabs) were
expressed in E. coli and purified from crude soluble protein extract using an amylose 
resin column. SDS polyacrylamide gel stained with Coomassie blue R250 showed 
respective purified polypeptides in Figure A.4.
Gel mobility shift assays. Gel mobility shift assays were performed to 
characterize relative affinities of bean-RNPl for single- versus double-stranded DNA
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pRNP—
* p .
mRNF—
1  2
Figure A.3. The bean-RNPl translation product is translocated into chloroplasts and 
processed to a polypeptide of approximately 25 kD. Bean-RNPl mRNA was transcribed 
in vitro and the mRNA was translated in vitro in the presence of [35S]methionine. After 
the transport assay, samples were separated by SDS-PAGE and subjected to 
fluorography. Lane 1: 35S labeled precursor protein (31 kD) indicated as pRNP; lane 2: 
chloroplast transported and processed mature protein (25 kD) indicated as mRNP.
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using a 116 bp DNA fragment derived from the B-phaseolin promoter (19). Our 
preliminary results showed that two single-stranded DNAs generated by heat treatment 
migrated with different mobilities in nondenaturing polyacrylamide gel. To differentiate 
one strand from the other, we conducted strand-specific 3'end labeling with 32p. The 
thymine-rich strand labeled at the Hindlll site migrated slower than the other strand
labeled at the Bell site (Figure A.5A). The purified MBP-B-gal-a protein did not bind to
either double- or single-stranded DNA probe (Figure A.5B, lanes 2, 5, and 6). In 
contrast, the MBP-bean-RNP fusion protein bound specifically to the T-rich single­
stranded DNA, and the complex remained at the origin (Figure A.5B, lanes 7-11). These 
results suggest either cooperative binding of the fusion proteins to the DNA or protein- 
protein interactions or both.
SI nuclease footprinting assay. To our knowledge, this is the first description of 
the use of SI nuclease to footprint site-specific protein binding to a single-stranded DNA 
target. Since our DNA target does not contain possible major inverted repeats, 
protection, if any, will not arise from secondary structures of the DNA target itself, but 
may arise from protein interactions. Since any type of footprinting assay requires limited 
digestion of the DNA target, we tested whether DNA fragment ladders can be obtained by 
limited digestion of DNA with SI nuclease. Although digested fragments were not 
evenly distributed along the DNA, DNA fragment ladders could be obtained in a 
reproducible manner (Figure A.6, lane 2). MBP-B-gal-a had no effect on the ladder of
DNA fragments generated by SI nuclease (Figure A.6, lane 3), indicating no significant
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(kD)
106 —
80 — _  — MBP-bean-RNP
50 — MBP-B-gal -  oc 
3 3 -
1 2
F igure A.4. Analysis of purified fusion proteins by SDS-PAGE. The proteins were
visualized by Coomassie blue R250 staining. Four pg of purified MBP-B-gal-a (lane 1) 
and MBP-bean-RNP (lane 2) were loaded on a 10 % (w/v) gel. The sizes of molecular 
mass markers in kD are indicated on the left.
98
A
3'end
labeling
H
in
d
ll
l
H
in
d
ll
l
U  '-J
C
Heat -  + -  + +
B
MB P -b ea n -R N P
(fmole)
I 1 10
00 1 1 1 1.
6
8 40 20
0
10
00
MBP -B- ga l - a
(fmole)
1
10
00 1 1 40
10
00 1 1 1 1 1
Heat - - - + + + + + + + +
T-rich ssDNA>
A-rich ssDNA- 
dsDN A'
—  —  m
1 2 3 4 5
■ac
A-rich strand
oCO
Origin
T-r i ch  ssDNA 
A-rich ssDNA-
d sD N A ^"
1 2 3 4 5 6 7 8 9  10 11
T-rich strand
F ig u re  A .5. Gel mobility shift assays using single- and double-stranded DNA. (A) 
Strand-specific 3'end labeling. The 116 bp fragment derived from the B-phaseolin 
promoter (19) is flanked by H indin and Bell sites. The T-rich strand was 3'end labeled 
with 32p at the Bell site (lanes 1 and 2) prior to digestion with Hindlll, and the A-rich 
strand was 3'end labeled at the Hindlll site (lanes 3 and 4) prior to digestion with Bell. 
Both strands were labeled at H indlll and Bell sites (lane 5). Heat denotes the incubation 
of respective DNA probes in boiling water for three minutes prior to nondenaturing 7 % 
polyacrylamide gel electrophoresis. (B) Strand-specific binding of bean-RNPl. Both 
strands of the 116 bp fragment were 3’end labeled with 32P. Double-stranded DNA 
(lanes 1-3) and separated single-stranded DNA (lanes 4 to 11) were mixed with MBP-B-
gal-a (lanes 2, 5, and 6) or MBP-bean-RNP (lanes 3, 7 to 11). Samples in lanes 1 and 4 
lacked purified proteins. The incubation mixtures were analyzed by electrophoresis on a 
7 % (v/w) nondenaturing polyacrylamide gel.
interaction of MBP-J3-gal-a with the DNA target This result is consistent with results of
the gel mobility shift assay (Figure A.5B, lanes 2, 5, and 6). In contrast, the pattern of 
bands produced in the presence of MBP-bean-RNP was very different from that with
M BP-B -gal-a (Figure A.6, lane 4). First, a strong protection occurred at a 15 nt
thymine-rich sequence, TTGTCTTTTTCTTGC, which was also present in the 
oligonucleotide probe used for cDNA library screening. A weak protection was found 
with the 5' flanking region, TGTTCT. Second, hypersensitive sites were generated 
upstream of the protection site. Weak and strong hypersensitive sites started from 14 nt 
and approximately 33 nt upstream of the 5'end of the weak protection site, respectively. 
Since the amount o f intact DNA was not significantly different among samples, the 
hypersensitive sites were not created by general stimulation of nuclease activity by the 
fusion proteins. Instead, the results suggest two possibilities. One is that the fusion 
protein interaction with thymine-rich sequence altered DNA configuration in such a way 
that the upstream region became more susceptible to SI nuclease attacks. The other 
possibility is that SI nuclease interacted with the DNA-bound fusion protein, and the 
protein-protein interaction in turn sequestered the SI nuclease to the site identified by the 
hypersensitive sites. The two possibilities are not mutually exclusive and further 
discussed later.
D iscu ssio n
We have cloned a nuclear-encoded chloroplast RNP-80 protein gene, designated 
bean-RNPl, from a bean cotyledon cDNA expression library. Arabidopsis RNP-T and
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F igure  A.6. SI nuclease footprinting assay. The T-rich strand was 3'end labeled and 
mixed with no protein (lane 2), 3 pmoles of purified MBP-B-gal-a (lane 3), or 0.75 
pmoles of purified MBP-bean-RNP (lane 4). A T-sequencing reaction of pBluescript 
SK(-) ssDNA (Stratagene) with a reverse primer served as a size marker. Strong 
protection denotes the region where differences in band intensities between lanes 3 and 4 
are more than five-fold. The sequence protected weakly from SI nuclease digestion is 
also indicated. Regions where strong and weak hypersensitive digestion were observed 
are also indicated on the right.
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maize NBP1, both of which contain chloroplast transit peptide sequences and two copies 
of the RNP-80 motif, were isolated by similar methods with different DNA probes (12, 
13, 24). However, the molecular basis for interactions of RNP-T and NBP1 with 
respective DNA probes has not yet been reported. In this study, we demonstrated that 
bean-RNPl specifically interacts with single-stranded DNA that contains a thymine-rich 
sequence. Since we failed to detect interactions of bean-RNPl with the double-stranded 
DNA in our gel mobility shift assays, it is likely that the 43 bp oligonucleotide probe used 
for cDNA library screening contained a small amount of single-stranded DNA, and that 
the thymine-rich sequence in the probe interacted with the bean-RNPl protein expressed 
in E. coli. In fact, the proportion of ssDNA in the plasmid-derived 116 bp DNA probe 
was determined to be approximately 1 % at room temperature under our binding 
conditions (data not shown). Since the 43 bp oligonucleotide probe is smaller than the 
116 bp DNA probe, it is conceivable that the population of ssDNA could be much larger 
than 1 %.
Results of the SI nuclease footprinting assay provided several insights into the 
interaction between bean-RNPl and the DNA target. First, the interaction is sequence 
specific, demonstrating that single-strandedness is not sufficient for the interaction. 
Second, the binding sequence is thymine-rich. Fourteen out of twenty-one bases are 
thymine residues and the longest stretch of thymine residues is five. It remains to be 
determined whether a long stretch of thymine (> 5) or thymine-rich sequence in general is 
necessary and sufficient for the interaction. Third, binding does not require secondary 
structures such as stem-loops. If  the interactions involved a stem structure, two or more 
separated regions would be protected from SI nuclease digestion because stems are
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expected to form double-helical structure. Finally, since the binding is sequence-specific, 
it is likely that the protein recognizes bases. However, this does not exclude the 
possibility that the protein interacts with the phosphate-sugar backbone as well. Although 
we have not compared relative affinities of the protein for single-stranded DNA versus the 
corresponding RNA, it is likely that absence of 2'-hydroxyls on sugars and presence of 
5-methyl group of thymines do not interfere to a large extent with the binding reaction.
Existence of poly(U) binding proteins in the chloroplast has been demonstrated by 
several groups. Nickelson and Link (25) detected proteins of 58kD, 62kD, and 70kD 
that bind uridine-rich sequences in mustard chloroplast extracts in a Mg2+ dependent 
manner. Since our binding buffer lacked M g2+ and other divalent cations and since 
mature bean-RNPl is much smaller (25 kD) than the mustard proteins, the bean-RNPl 
appears to be unrelated to the mustard poly(U) binding proteins. Li and Sugiura (15) 
demonstrated that three tobacco chloroplast RNP-80 proteins, cp28, cp31, and cp33, can 
bind to poly(U) and poly(G), although the relative affinities of the three proteins for 
double-stranded calf thymus DNA were estimated to be greater than those for single­
stranded DNA at 0.1 M NaCl. Bean-RNPl clearly favors single-stranded DNA in 
reactions containing 0.1 M NaCl. The reason for this discrepancy is not clear. However, 
it is conceivable that Li and Sugiura's dsDNA-cellulose contained regional strand 
openings during the binding reactions. This would be particularly so if the sequence is 
rich in thymine and/or adenine residues. Alternatively, the tobacco RNP-80 proteins may 
have interacted with double-stranded DNA where the sequence is unrelated to the 
thymine-rich sequence. UV-crosslinking experiments found several proteins in spinach 
chloroplast extracts that interact with the 3' region of petD mRNA containing uridine-rich
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sequence (26, 27). However, the results should be looked at with caution because some 
of experiments were conducted in the presence of competitor poly(U) to inhibit 
processing reactions (see below).
Several lines of evidence indicate that poly(U) binding proteins in the chloroplast 
are involved in 3'end processing of mRNA. First, 3'end processing reactions of psbA  
and petD  mRNAs were inhibited to a large extent in the presence of poly(U) (26-28). 
Second, many, but not all, chloroplast pre-mRNAs contain inverted repeats (IR) followed 
by uridine-rich sequence at the 3'end (25, 26). In fact, 37 oligo(U) sequences (> 7) are 
known to occur in tobacco chloroplast mRNAs (15). In the case of the spinach psbB  
operon, whose posttranscriptional modification is well characterized (29), the 3' end of 
the mature mRNA is located downstream of a 3'LR and upstream of the uridine-rich 
sequence. It was initially postulated that exonuclease activity is responsible for the petD 
3'end maturation in spinach (28, 29). But it was suggested later that an endonuclease, 
designated EndoC2, may be involved in petD  3' end processing (30). The notion that 
endonuclease activity is responsible for petD 3'end maturation is consistent with the fact 
that some proteins, probably including putative uridine-rich sequence binding proteins, 
interact with pre-mRNA downstream of the processing site (26, 27). In addition, a time 
course experiment of petD  mRNA 3'end processing resulted in only two major RNA 
species, a precursor and a product and no major products between the two (28). Lack of 
a detectable 3' cleavage product does not necessarily support the suggested notion that 
exonuclease activities are responsible for the 3'end maturation (28) since the 3' cleavage 
product of atpB pre-mRNA is very unstable and is degraded rapidly in Chlamidomonas 
chloroplast extracts (31).
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Depletion of spinach 28RNP together with several other proteins, probably 
including ribonuclease(s), from chloroplast extracts inhibits 3’end processing activity 
(11). Although the 28RNP was postulated to interact with the 3'IR (11), it is possible 
that it has uridine-rich sequence binding activities based on its sequence similarity to 
bean-RNPl and tobacco RNP-80 proteins. If this is the case, 3'end processing may 
involve interactions of RNP-80 protein with the uridine-rich sequence downstream of 
cleavage site. This model differs from a proposed model (32, 33) in which 3'IR and its 
associated proteins play major roles in 3'end processing. However, our model does not 
exclude the possibility that 3'IR and its associated proteins play some roles in 3'end 
processing. For example, 3'ER structures may create and specify cleavage sites and may 
prevent mRNA from degradation by exonucleases. Some 3'IR are indeed known to play 
important roles in mRNA stability (34, 35), but we believe that it is important to draw a 
distinction between 3'end processing and subsequent mRNA stability. It is important to 
note that the interaction of bean-RNPl with the thymine-rich sequence created 
hypersensitive sites upstream of the binding site. This phenomenon may reflect possible 
roles of bean-RNPl in vivo. We favor the notion that protein-protein interaction of SI 
nuclease with the DNA-bound bean-RNPl is responsible for the creation of 
hypersensitivity sites. If this is the case, both uridine-rich sequence binding activity of 
bean-RNPl and its capability of protein-protein interactions with endonuclease may play 
important roles in vivo in 3'end processing and/or mRNA degradation.
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APPENDIX B 
SEQUENCES O F SYNTHETIC O LIGONUCLEOTIDES
Oligo Use Sequence
C ACG TG  competitor
PS5-12 GAGAGACTAAATGCCATGCAAAGCAACACGTGCTT
PS5 -13 TCTCTC AAGC ACGTGTTGCTTTGC ATGGC ATTTG A
C ACG TG 1" competitor
PS5-16 GAGAGACTAAATGCCATGCAAAGCAACACTGTCTT
PS5-17 TCTCTCAAGACAGTGTTGCTTTGCATGGCATTTGA
C A C C TG  competitor
PS5-14 G AG AG ACACCAC A ACC ACCTGTAT AT ATTC ATT
PS5-15 TCTCTCAATGAATATATACAGGTGGTTGTGGTG
C A C C TG 1" competitor
PS5-18 G AGAGACACCACAACGTGCTGTATATATTC ATT
PS5-19 TCTCTC AATGAATATATACAGCACGTTGTGGTG
C A T A T G competitor
PS5-20 GAGAGAAACCTGCATATGCGTGTCATCCCATGC
PS5 -21 TCTCTCGC ATGGG ATG AC ACGCATATGC AGGTT
CATATG"1 competitor
PS5-22 GAGAGAAACCTGCATCGTCGTGTCATCCCATGC
PS5-23 TCTCTCGC ATGGGATGACACGACG ATGCAGGTT
C A TA TG 1""1 competitor
PS5-34 G AG AG AAACCTTACGCGTCGTGTC ATCCCATGC
PS5-35 TCTCTCGCATGGATGACACGACGCGTAAGGTT
T AT A competitor
PS5-24 G AG AG ACCTTCTCTCTT AT AT AAT ACCT AT AAAT ACCTCT
AAT
PS5-25 TCTCTCATTAGAGGTATTTATAGGTATTATATAAGAGAGA
AGG
T AT Am competitor
PS5-26 GAGAGACCTTCTCTCTGAGAGAATACCGAGAGATACCTCT
AAT
PS5-27 TCTCTCATT AG AGGT ATCTCTCGGT ATTCTCTC AG AG AG A
AGG
107
108
A A A G A X 2 competitor
PS5-6 TGCGCAAGAAAAAGACAAAGAACAAAGAAAAAAGACAAA
A A AG A competitor
PS5-30 GAGAGAAAGAAAAAAGACAAAACA
PS5-31 TCTCTCTGTTrrGTCTTTTTTCTTT
AAAGA"1 competitor
PS5-32 GAGAGAAAGAAACCCTAAAAAACA
PS5-33 TCTCTCAGTTTTTTAGGGTTTCTTT
C A C  A competitor
PS5-9 GTGATGATGAAGAAAAAGGCAATCGTTTGTG
G ATC competitor
PS5-2 GTCACTGGCTGATCAAGATCGCCG
PS5-3 GGACGCGGCGATCTTGATCAGCC
GATC"1 competitor
PS 5-4 GTC ACTTTCTTATC AAT ATCGAAG
PS5-5 GGACGCTTCGATATTGATAAGAA
G C competitor
PS5-10 GAGAGAAGATCGCCGCGTCCATGTATGT
PS5-11 TCTCTC AC AT AC ATGG ACGCGGCG ATCT
C A T competitor
PS5-28 GAGAGACGTGTCATCCCATGCCCAAATCTCCATGCAT
PS5-29 TCTCTCATGCATGGAGATTTGGGCATGGGATGACACG
PS5-40 mutagenesis CACACAAACACACCCGGGCCCGCTTCATCATCAC
PS5-41 mutagenesis TGCGCAAGAACTCCGGAAAGAACAAAGAAACTCCGGAA
AACAGAGA
PS 5-1 mutagenesis AGTATTAGATCTGAGTT
GT15-1 mutagenesis TTGTAGATCTAATG
AC5-1 PCR AACGGGATCCCGGTGAAAAGCTTGGGAAAC
AC3-1 PCR CCCGACCGGATCCTATCGAATTCCGATTACCG
35SP-1
35SP-2
hph-3
hph-4
TFIID-P-1
TFHD-P-2
TFHD-P-3
TFIID-P-4
TFHD-P-5
TFDD-P-6
Oligo dT
KP-2 (Xhol)
HLH5’-1
HLH5’-2
HLH5’-3
HLH5’-4
HLH5’-5
HLH5’-6
HLH3’-1
HLH3’-2
HLH3’-3
109
PCR AAGCTTATCTCCACTGACGTAAGGGATGAC
PCR GCAAG AAGCTTCCTCTAT AT AAGG AAGTTC
PCR CTCGAGCGCGGTGAGTTCAGGCTTTTTCAT
PCR CGCGGTGAATTCAGGCTTTTTCATATCTCA
PCR AT AGGT ACC AAR ATGGTNGTN ACNGGNGCN AA
PCR TATTCTAGACATNCGRTARATNARNCCNGGRAA
NARYTCNGGYTC
PCR TATTCTAGANACRATYTTNCCNSWNACRAARAT
PCR ATAGAATTCGCATATTCTCATGGAGCTTTCTCAAGT
PCR ATAGAATTCGGCTGCCAATTTAGACTGTTGTTCACT
PCR ATAGAATTCATACGAGCATACTTCCT
PCR G AG AG AGAG AACT AGTCTCG AGTnTTTTTTTTTTTTTTT
PCR GAGAGAGAGAACTAGTCTCGAGTT
PCR AGGAATTCGA(AG)(AC)G(ACGT)AA(AG)(AC)G(ACGT)GA(AG)
AA
PCR AGGAATTCGA(AG)AA(AG)(CT)T(ACGT)AA(CT)GA(AG)ATGTT
PCR AGG AATTC AGCAGTG ATAAAAGC ATTGT A
PCR AGGAATTCCGTGGTACCAAACGCACCATAGGATCTGGC
PCR AAGAATTCGA(AG)CG(ACG)C(AG)(AG)CG(ACG)CG
PCR TAAAGCTTAG(AG)AT(ACGT)(AT)C(ACGT)AC(CT)TT
PCR AGAAGCTTTC(ACGT)GC(ACGT)A(AG)(AGT)AT(ACGT)(GC)
(AT)(ACGT)GC(CT)TT
PCR AGAAGCTTGC(GAT)AT(ACGT)GT(CT)TC(ACGT)GC(ACGT)A
(AG)(GAT)AT
PCR AG AAGCTT A( AG)( AG)T A( ACGT)GC(G AT) AT (ACGT)GT(CT)TC
(ACGT)GC
HLH3’-4 PCR AGAAGCTTCTAAAACACCGAAATGATCAAGCTTGTGAG
HLH3’-5 PCR AG AAGCTTTTTG AGC AATT ACT AAAA
HLH3’-6 PCR TAAAGCTTAG(AG)AT(ACGT)(AT)C(ACGT)AC(CT)TT
GB83-1 5’ RACE TGTCCGCCTCTTTCA
GB83-2 5’ RACE ACGGAAGCTTCCAGAT
GB11-1 5’ RACE CTTGACCTTGTTCAT
GB11-2 5’ RACE ATAGAATTCGTAAATTAACTCAGT
GB11-3 5’ RACE GGCAGACTTCAAATT
GB114 5’ RACE GGTGAACGAAAGCATT
Gbox-1 library screening AGCAACACGTGCTTAAGCAACACGTGC 1'I AAGCAACAC
GTGCTTAAGCAAC
Gbox-2 library screening TAAGCACGTGTTGCTTAAGCACGTGTTGCTTAAGCACGTG
TTG CTT AAGC ACG
CACA-1 library screening CACAAACACATTGCCTTTCACAAACACATTGCCTTTCACA
AACACATTGCCTTTCACAAACAC
CACA-2 library screening AAAGGCAATGTGTTTGTGAAAGGCAATGTGTTTGTGAAAG
GCAATGTGTTTGTGAAAGGCAA
APPENDIX C 
LIST O F PLASMIDS
Plasmid Vector Glycerol Brief description of the insert 
stock #
Reference
Y2-2 KS+ 2 Bglll site was introduced to the Rice GT-1 
promoter.
Zheng et al. (1993)
Y3-9 KS+ 3 Bglll site was introduced to the phaseolin 
promoter.
Zheng(1994)
Y22-9 KS+ 58 Rice GT-1 9 kb BamHI fragment from A.E1. Zheng etal. (1993)
Y39-1 KS- 77 pTRA320 (-8 GT-1 promoter/GUS construct) Zheng et al. (1993)
Y39-3 KS- 78 pTRA319 (-48 GT-1 promoter/GUS construct) Zheng et al. (1993)
Y50-13 KS+ 127 pTRA318 (-101 GT-1 promoter/GUS construct) Zheng et al. (1993)
Y39-7 KS- 80 pTRA317 (-154 GT-1 promoter/GUS construct) Zheng et al. (1993)
Y39-9 KS- 81 pTRA316 (-213 GT-1 promoter/GUS construct) Zheng etal. (1993)
Y39-12 KS- 82 pTRA315 (-287 GT-1 promoter/GUS construct) Zheng et al. (1993)
Y39-13 KS- 83 pTRA314 (-399 GT-1 promoter/GUS construct) Zheng et al. (1993)
Y39-16 KS- 84 pTRA313 (-508 GT-1 promoter/GUS construct) Zheng et al. (1993)
Y47-1 KS+ 126 pTRA312 (-1.8kb GT-1 promoter/GUS construct) Zheng et al. (1993)
Y55-1 KS+ 130 pTRA311 (-5.1kb GT-1 promoter/GUS construct) Zheng et al. (1993)
Y41-15 KS+ 129 pTRA140 (35S promoter/GUS construct)
Y45-7 KS+ 128 PCR product containing Ac excision site. Murai et al. (1991)
Y49-9 KS+ 97 PCR product containing Ac excision site. Murai et al. (1991)
Y49-12 KS+ 98 PCR product containing Ac excision site. Murai et al. (1991)
Y49-36 KS+ 110 PCR product containing Ac excision site. Murai etal. (1991)
Y49-40 KS+ 112 PCR product containing Ac excision site. Murai etal. (1991)
111
112
Y65-3 pUC18
Y65-4 pUC18
Y68-1 KS+
Y90-2 KS+ 
Y92-14 KS+ 
Y92-19 KS+ 
Y93-11 KS+ 
Y93-33 KS+ 
Y93-34 KS+ 
Y97-8 KS- 
Y97-14 KS- 
Y 104-8 KS- 
Y101-1 KS- 
Y 106-23 KS- 
Y107-12KS-
Y 107-6 KS-
Y 108-2 KS-
Y 126-1 SK-
Y134-16pMal-
cRI
Y 142-1 SK-
158 phaseolin promoter Nsil/Dral (-391/-227)
159 phaseolin promoter Dral/Nsil (-227/-64).
168 PCR product encoding TATA-box binding
protein.
220 PCR product encoding chitinase.
227 PCR product encoding pyruvate kinase.
228 PCR product encoding Rieske Fe-S protein.
243 PCR product encoding lipoxygenase.
256 PCR product encoding sec61.
257 PCR product encoding trypsin inhibitor. 
pTRA257 (-227 phaseolin promoter/GUS construct) 
pTRA258 (-106 phaseolin promoter/GUS construct)
283 pTRA260 (-13 phaseolin promoter/GUS construct)
pTRA253 (-391 phaseolin promoter/GUS construct)
pTRA256 (-246 phaseolin promoter/GUS construct)
pTRA269 (-391 phaseolin promoter mutated 
with PS5-41)
pTRA270 (-391 phaseolin promoter mutated 
with PS5-40)
pTRA272 (-391 phaseolin promoter mutated 
with PS5-40 and PS5-41)
324 cDNA encoding bean RNP-1
352 Maltose binding protein/bean RNP-1 fusion.
354 cD N A (G B l-l) encoding PG2
Kawagoe & Murai 
(1992)
Kawagoe & Murai 
(1992)
Kawagoe et al. (1994) 
Kawagoe et al. (1994) 
Kawagoe et al. (1994) 
Kawagoe et al. (1994)
Kawagoe et al. (1994)
Kawagoe et al. (1994)
Kawagoe et al. (1994)
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Y 142-8 SK- 
Y142-13SK-
355
356
Y172-19pMal- 451
cRI
Y 179-2 pMal- -
cRI
Y175-5 KS+ 453
Y185-2 KS- 478
Y176-1 KS+ 457
cDNA (GB2-2) encoding PG2 CHAPTER 4
cDNA (GB8-3) encoding PG1 CHAPTER 4
Maltose binding protein/GB8-3 (PG1) fusion.
Maltose binding protein/GB2-2 (PG2) fusion.
5 ’ RACE product (1.5 kb) containing 5 ’ end of PG1. CHAPTER 4 
5 ’ RACE product (1.2 kb) containing 5’ end of PG2 CHAPTER 4 
5’ RACE product (1.4 kb) containing 5 ’ end of PG1. CHAPTER 4
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APPENDIX D
MEDIUM AND SOLUTIONS
1. LB Medium (Luria-Bertani Medium)
10 g tryptone 
5 g yeast extract 
5 g NaCl 
H20  to 1000 ml
2. Denhardt’s solution (50X)
Ficoll (Type 400) 
polyvinylpyrrolidone 
BSA
h 2o
3. SSC (20X)
NaCl 175.3 g
sodium citrate 88.2 g 
H20  to 1000 ml
Adjust the pH to 7.0 with NaOH.
4. SSPE (20X)
NaCl 175.3 g
NaH2P 0 4-H20  27.6 g
EDTA 7.4 g
H20  to 1000 ml
Adjust the pH to 7.0 with NaOH.
5 g  
5 g 
5 g
to 500 ml
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